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Abstract  
 
 
Inbreeding is a widespread phenomenon that can decrease fitness. Inbreeding depression 
occurs because matings between relatives lead to an increase in homozygosity. Inbreeding 
is a pervasive force in evolutionary ecology driving the evolution of different traits, mating 
systems, and influencing population dynamics. It is generally assumed that the negative 
effects of inbreeding are exacerbated in stressful environments. In this thesis, I present 
seven experimental studies that explore whether life history, morphological, and sexual 
traits show inbreeding depression, and if this effect is increased by an interaction with an 
early stressful environment.  
 
Chapter 1 explores the preference for novel mates by males and females 
depending on the choosers’ previous sexual experience. I discuss the potential adaptive 
significance of these preferences and the likelihood of there being benefits of mating with 
multiple partners for both males and females.  
 
In the second chapter I look at the effects of mating with relatives on offspring 
fitness. I highlight the importance of considering the potential role of maternal effects 
when studying inbreeding depression, and the relative importance of genetic and 
maternal effects on reproductive traits and offspring performance. 
 
Chapter 3 addresses the interaction between inbreeding depression and an 
environmental stress, in the form of restricted food availability early in life. I test whether 
diet restriction during early development influences subsequent growth trajectories in 
ways that depend on the level of inbreeding. I then discuss potential hidden long-term 
costs that could affect reproductive success.  
 
In the fourth chapter I investigate the effects of limited food availability on sexually 
selected traits. I present a study testing whether a poor early diet is costly due to the 
reduced expression of sexually selected male characters. I aim to understand whether 
individuals are able to compensate for a poor start in life in various ways, or if they still 
incur costs that are evident after maturation.  
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Chapter 5 investigates how differences in inbreeding and an early stressful 
environment influence the actual reproductive success of males. I argue about the extent 
to which inbreeding depression in males is due to natural or sexual selection.  
 
In Chapter 6 I explore how key factors act and interact to determine the strength 
of parental effects and whether these factors differ between mothers and fathers, and 
between their effects on sons and daughters. I discuss the multifaceted role of parental 
effects in a species lacking parental care. 
 
Finally, in the seventh chapter I provide a test of the effects of early life 
environment on the expression of genetic and maternal effects variance for a range of 
adult traits. I argue that maternal by-environment interactions are an under-appreciated 
component of phenotypic diversity. 
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Thesis outline 
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Introduction 
 
 
 
Inbreeding and inbreeding depression 
!
Inbreeding is one of the most important topics in evolutionary biology and conservation 
genetics. Inbreeding is common in small, fragmented populations, where mating among 
relatives occur (Keller and Waller 2002; Becker et al. 2016). However, inbreeding is 
ubiquitous and occurs not only in small but also large populations, making it a universal 
phenomenon, which has been documented in many different organisms (Crnokrak and 
Roff 1999; Hedrick and Kalinowski 2000; Keller and Waller 2002; O'Grady et al. 2006; 
Charlesworth and Willis 2009). Inbreeding refers to the mating of closely related 
individuals that are genetically similar, and inbreeding depression refers to the reduction 
in fitness of offspring of these matings, compared to the offspring of randomly mated 
individuals (Hedrick and Kalinowski 2000).  
 
Inbreeding depression is known to occur due to an increase in homozygosity. That 
is, recessive or partially deleterious alleles, which occur usually at low frequency and are 
relatively unexposed to selection, have an increased probability of being homozygous and 
thus expressed in inbred individuals (Charlesworth and Charlesworth 1987; Keller and 
Waller 2002; Charlesworth and Willis 2009). Alternatively, and probably less common, 
inbreeding depression occurs due to loci that show a heterozygous advantage (i.e. 
overdominance) that are more likely to be homozygous in inbred individuals 
(Charlesworth and Charlesworth 1987; Charlesworth and Willis 2009; Pemberton et al. 
2016).  
 
The consequences of an increase in homozygosity are often negative. This is why 
inbreeding tends to lower the values of fitness related traits and is usually detectable as 
lower fertility, survival, and growth rates, as well as reduced resistance to predation, 
disease, and environmental stress (Keller and Waller 2002; Roff 2002; Charlesworth and 
Willis 2009). Given the detrimental effects on fitness, inbreeding depression can critically 
influence the evolution of mating systems (Byers and Waller 1999; Armbruster and Reed 
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2005). For instance, inbreeding can shape mate choice and select for the avoidance of 
related individuals to prevent the production of inbred offspring and/or through the 
avoidance of low-quality individuals, who are often inbred (Frommen et al. 2008; Ilmonen 
et al. 2009; Pilakouta and Smiseth 2017).  
!
Inbreeding depression and inbreeding avoidance  
!
It is commonly assumed that inbreeding depression is a selective force for the evolution 
of reproductive strategies that result in inbreeding avoidance mechanisms (Pusey and 
Wolf 1996; Szulkin et al. 2013). These strategies include sex-biased dispersal, specific 
choice of unrelated mates, mechanisms of kin recognition, and kin-based sperm selection 
(Pusey and Wolf 1996; Bretman et al. 2004; Szulkin et al. 2013). For example, females 
can bias fertilization towards sperm from genetically compatible males (Tregenza and 
Wedell 2002). However, the fitness costs associated with avoiding inbreeding can lead to 
a lack of inbreeding avoidance in some cases (e.g. Jennions et al. 2004; Tan et al. 2012), 
or even an apparent preference for inbreeding (Kokko and Ots 2006; Robinson et al. 
2012).  
 
Selection to avoid inbreeding can influence a range of behavioural traits 
(Charpentier et al. 2007). For instance, individuals often avoid mating with relatives that 
they encounter as potential mates, which implies the ability to discriminate kin from non-
kin (Pusey and Wolf 1996; Charpentier et al. 2007). Similarly, genetic relatedness can 
influence fertilization success through post-copulatory mechanisms (Bretman et al. 2004; 
Evans et al. 2008). The probability of genetic incompatibility can also decrease when 
individuals mate with multiple partners (Gershman 2009). Mating preferences can thus 
lead to discrimination against previous mates, which has been shown in a wide array of 
taxa (Zeh et al. 1998; Archer and Elgar 1999; Eakley and Houde 2004), although this is 
not always the case (e.g. Fromhage and Schneider 2005; Gershman and Sakaluk 2009).  
 
Mating preferences can lead to a preference for novel partners over previous 
mates, which can increase the genetic benefits for their offspring (Jennions and Petrie 
2000; Mays and Hill 2004). In some cases, discrimination against familiar mates can result 
in increased fertilization success for novel mates (Gershman and Sakaluk 2009). An 
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increased mating effort invested into obtaining novel mates is known as the ‘Coolidge 
effect’, which refers to the progressive decline in mating with a previous partner, but a 
renewed sexual interest when a novel partner is available (Dewsbury 1981). This ability 
to discriminate familiar individuals could lead to discriminate against related individuals.  
 
The benefits of choosing novel mates might be important to avoid mating with 
genetically incompatible mates, or to ameliorate the negative effects of mating with 
relatives (Stockley 1999; Tregenza and Wedell 2000, 2002). While the Coolidge effect is 
not the only way to avoid inbreeding, it is a mechanism by which inbreeding can be 
avoided. However, the evolution of these behaviours depends on the individual’s plasticity 
in response to the costs associated with inbreeding depression (Charpentier et al. 2007). 
Additionally, inbreeding avoidance can depend on the selection pressures experienced in 
particular systems, such as the risk of inbreeding and variation in tolerance to inbreeding 
(Kokko and Ots 2006).  
!
Inbreeding depression and its effect on different traits 
 
Different genotypes carry different alleles that lower the fitness of homozygotes, 
causing great variation from one genotype to another (Charlesworth and Charlesworth 
1999). Thus, inbreeding can negatively influence phenotypic traits that are associated 
with fitness and shape many life history traits across species and environments 
(Charpentier et al. 2007). Life-history traits are expected to be more strongly affected by 
inbreeding depression than morphometric traits given their higher level of dominance 
variance (Roff 1997; DeRose and Roff 1999; Coltman and Slate 2003), perhaps reflecting 
stronger directional selection for fitness-related traits (Falconer and Mackay 1996). Sexual 
traits are traits that can also be affected by inbreeding depression by either changes in 
heterozygosity at loci that directly code for sexual traits (Valtonen et al. 2014), or due to 
capture of genetic variation in condition (Rowe and Houle 1996; Prokop et al. 2010). 
Additionally, the extent of inbreeding depression can vary between males and females 
(Ebel and Phillips 2016).  
 
The magnitude of inbreeding depression can vary with the fitness trait or life 
history stage measured (Angeloni et al. 2011). Inbreeding depression may not be detected 
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when only a few components of fitness are examined. For example, lack of inbreeding 
depression for juvenile survival does not mean there is no inbreeding depression for 
fecundity or mating success, or that different fitness components do not interact to reduce 
overall fitness (Hedrick and Kalinowski 2000; Keller and Waller 2002). Studies should 
examine multiple fitness traits across several life stages to look at how inbreeding 
depression acts early and late in life. Additionally, although inbreeding appears to reduce 
fitness, its magnitude and specific effects are highly variable and can depend on the 
genetic constitution of species or populations, and how these genotypes interact with the 
environment (Hedrick and Kalinowski 2000).  
!
Inbreeding depression and the environment 
!
The fitness of an individual is a function of its intrinsic quality, which includes the 
expression of any deleterious alleles, and extrinsic factors, such as the environment an 
individual is exposed to (Pemberton et al. 2016). This often leads to inbreeding depression 
only being detected under certain environmental conditions. That is, the effects of 
inbreeding depression are usually more readily detectable under competition (Meagher 
et al. 2000; Michalczyk et al. 2011; Simmons 2011) and/or environmental stress 
(Armbruster and Reed 2005; Fox and Reed 2011).  
 
There is evidence in both plants and animals of interactions between inbreeding 
depression and the environment. Inbred individuals are more sensitive to environmental 
stress, presumably because stress increases the expression of deleterious recessive alleles 
(Fox and Reed 2011; Reed et al. 2012). Alternatively, it can be the result of genotype-by-
environment interactions, which arise through condition-dependent deleterious alleles 
that are neutral or beneficial in benign environments, but deleterious in stressful 
environments (e.g. Bijlsma et al. 1999; Kristensen et al. 2003). A meta-analysis on 
inbreeding depression and stressful environments showed an increase of inbreeding 
depression in more stressful environments (Armbruster and Reed 2005). However, only 
48% of the studies showed a statistically significant increase. Additionally, it has been 
suggested that the effect of the environment on inbreeding depression scales linearly with 
the magnitude of stress (Fox and Reed 2011). It is still unclear how stressful environments 
impact the relationship between inbreeding depression and fitness. Inbreeding usually 
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reduces mean fitness relative to outbred individuals, but there is conflicting evidence on 
whether it is consistently exaggerated in stressful environments (Bijlsma et al. 1999; 
Dahlgaard and Hoffmann 2000). This suggests that the intensity of the interaction 
between inbreeding depression and the environment depends on the study population 
and the type of stress that individuals are exposed to (Reed et al. 2012).  
!
An example of a stressful environment — compensatory growth 
 
The environment that individuals experience early in life has a substantial influence on 
their phenotype and, in turn, on their reproduction and survival (Bize et al. 2006). 
Resource availability during early periods of life can strongly affect an individual’s fitness 
(Auer 2010; Dmitriew 2011). For instance, periods of poor resource availability can delay 
maturation and result in individuals having a small body size at maturation leading to 
lower adult survival and reduced reproductive success (Roff 1992; Stearns 1992). Given 
the potential fitness costs of a small body size, selection might favour mechanisms that 
mitigate the negative effects of small size early in life (Metcalfe and Monaghan 2001).  
 
One of the main environmental factors that shape growth and reproductive 
success is food availability (Festa-Bianchet et al. 2000; Bize et al. 2006). Food availability 
determines how individuals allocate resources towards growth, immunity, or maturation 
(Metcalfe and Monaghan 2001; Taborsky 2006). Poor early nutrition has been shown to 
have negative effects on body size, survival, and secondary sexual traits (Lindström 1999; 
Metcalfe and Monaghan 2001)). Thus, low food availability early in life can have negative 
consequences for fitness (Auer 2010). However, if nutritional conditions improve, 
individuals can compensate for the negative impact of poor nutrition on growth (Metcalfe 
and Monaghan 2001). Individuals can either accelerate their growth rates (catch-up 
growth) and/or take longer to reach maturity (compensatory growth) (Metcalfe and 
Monaghan 2001; Ali et al. 2003; Hector and Nakagawa 2012). 
 
The potential benefits of compensatory and catch-up growth can be outweighed 
by long-term costs on sexually selected and life history traits (Royle et al. 2005; Auer 2010; 
Kahn et al. 2012; Lee et al. 2012). A greater relative investment in somatic maintenance 
might increase the potential breeding lifespan of an individual, but reduce its likelihood 
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of obtaining a mate due to reduced investment in ornaments or body size (Lindström et 
al. 2005). There is potentially a trade-off between compensating early in life and impairing 
fitness later in life. Interestingly, the costs associated with a poor nutrition early in life 
might not be evident until later in life. This can result in adults that are superficially 
identical despite having experienced different environmental histories. For example, 
zebra finches experiencing low quality nutrition during the nestling period are 
morphologically similar to their counterparts, but have a lower capacity to assimilate 
antioxidants, which could affect their ageing rate (Blount et al. 2003).  
!
Dealing with early stressful environments — a special case: sperm 
traits  
 
Individuals that have experienced a stressful environment early in life often allocate more 
energy to somatic maintenance (Runagall-McNaull et al. 2015). However, developmental 
diet can affect traits expressed later in life and differentially affect investment into 
naturally and sexually selected traits. Sexual traits are typically strongly condition-
dependent (Cotton et al. 2004) and early life condition can influence their expression (e.g. 
Sentinella et al. 2013; Fricke et al. 2015). Pre-copulatory sexually selected traits can be 
detrimentally affected by poor early nutrition. For example, pheasants given high quality 
food during the first weeks post-hatching are redder at sexual maturity, which increases 
their sexual attractiveness (Ohlsson et al. 2002). Given lower food resource availability, 
males might also invest differently in traits under pre-copulatory and post-copulatory 
sexual selection (e.g. Devigili et al. 2013; Rahman et al. 2013).  
 
Male reproductive success does not solely depend on the ability to compete for 
matings (pre-copulatory traits), but also on the ability to fertilize females (Bretman et al. 
2014), particularly when sperm competition is intense. Therefore, males also have to 
invest in sperm traits, which are costly to produce (Bunning et al. 2015). Sperm 
performance depends on sperm quantity (ejaculate size and percentage of motile sperm) 
and quality (sperm swimming velocity and longevity (Snook 2005; Pizzari et al. 2008; 
Birkhead et al. 2009; Parker and Pizzari 2010). Sperm production is condition-dependent, 
but whether early diet affects these traits is less well known (but see Tigreros 2013; Cordes 
et al. 2015). The potential of early diet to influence sexual traits reflects the importance of 
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looking at how past experiences shape adult traits.  
 
Effects on the next generation — parental effects 
 
Parents affect how their offspring look and behave. Most obviously, offspring resemble 
their parents because of the genes they inherit. However, the direct effects of inherited 
genes are not the only factors that determine offspring’s phenotype (Youngson and 
Whitelaw 2008; Bonduriansky and Day 2009). Parental effects describe any situation in 
which parent’s phenotype can affect their offspring phenotype (Räsänen and Kruuk 2007; 
Wolf and Wade 2009). That is, non-genetic inheritance such as effects of parental 
genotype, phenotype, and environment can influence offspring fitness (Mousseau and Fox 
1998; Fay et al. 2016). For example, the prenatal environment a mother experiences can 
later affect her offspring’s phenotype through its effects on her investment in egg 
development or yolk deposition (e.g. Hubbard et al. 2015; Merkling et al. 2016). 
 
Environmental conditions experienced by parents such as nutritional level, toxin 
exposure, and stress can affect their offsprings’ fitness (Mousseau and Fox 1998; Uller 
2008; Burton and Metcalfe 2014). Similarly, parent’s conditions such as their inbreeding 
status or state of senescence could influence their offspring’s phenotype (e.g. Mattey et al. 
2013; Schroeder et al. 2015). Inbreeding is known to have multigenerational effects on 
fitness, but it is unclear whether inbreeding-stress interactions persist across generations 
(Reed et al. 2012). There is, however, increasing evidence for indirect costs of inbreeding 
due to reduced parental investment by inbred parents. For example, studies on birds have 
shown that offspring of inbred parents have a lower immune response (Reid et al. 2003), 
lower fledging, and lower reproductive success (Szulkin et al. 2007), and may show lower 
incubation attentiveness and lower hatching success compared to offspring from outbred 
parents (Pooley et al. 2014). Even so, there is limited understanding of the potential 
interplay between the multiple causes of transgenerational effects, and whether early 
parental effects influence later life history stages of their offspring.!
!
Heritability  
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Evolutionary responses require traits to have a heritable basis (which is usually 
synonymous with additive genetic variation, the quantification of which is essential for 
understanding the causes of phenotypic variation in traits (Mousseau and Fox 1998; 
McAdam et al. 2002; Noble et al. 2014). Phenotypes vary in a population as a product of 
the individual’s genotype, the environment it experiences, and the combination of both 
(Kruuk 2004; Bolund et al. 2011). That is, trait variation is shaped by past selection, and 
how the environment currently impacts upon trait development (Hubbard et al. 2015). 
Morphological or life history traits are likely to be affected by a large number of genes 
(Falconer and Mackay 1996; Lynch and Walsh 1998) and harbour high levels of additive 
genetic variation and corresponding environmental variation (Houle 1992). The genetic 
basis of these phenotypic characteristics can be quantified indirectly by statistical 
inferences based on the degree of phenotypic similarities between relatives (Kruuk et al. 
2000). However, similarities of traits between relatives can also be due to shared 
environmental conditions, as much as by heritable genetic effects (Kruuk and Hadfield 
2007), making estimates of heritability upwardly biased if environmental effects are not 
taken into account. The phenotype of an individual does not solely depend on its 
genotype, but also on its interaction with the environment and maternal effects. This 
results in genotype-by-environment interactions (G×E) and maternal-by-environment 
interactions (M×E), which raise the possibility of trade-offs across environments. 
However, little is known about the relative importance of maternal variation and any 
interaction with the environment that then affect phenotypic trait expression.  
 
How does it all come together? 
!
In Chapter 1 I present evidence for behavioural traits that could lead to inbreeding 
avoidance. I measure mating preferences for novel mates (i.e. Coolidge effect) and explore 
whether the magnitude of the preference changes depending on whether the individual is 
familiar or a truly novel new mate. In Chapter 2 I explore the effects of mating with 
relatives. I highlight the importance of differentiating between a reduction in offspring 
fitness due to inbreeding depression and any reduction due to a decline in post-maternal 
investment.  
 
In my third chapter I test if life history traits in an invasive fish show inbreeding 
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depression, and whether experiencing a stressful environment early in life could 
exacerbate any potential negative effects of inbreeding. I also explore if individuals are 
able to compensate for a poor start in life. Chapter 4 then explores whether a poor 
environment early in life affects adult male traits, namely sperm traits and genital size. In 
Chapter 5 I investigate how differences in inbreeding and the early dietary environment 
influence a key component of male fitness, namely reproductive success.  
 
Chapter 6 focuses on parental effects and whether the inbreeding status of parents, 
their own early development, and their age shape offspring traits. I explore how these 
different factors interact, whether mothers and fathers affect their offspring in the same 
way, and whether parents affect their sons and daughters differently. Finally, in Chapter 
7 I look at the heritability of a set of life history, morphological, and sexual traits, and I 
test for alternative ways in which environmental variation might shape trait variation.  
!
References  
 
 
Ali, M., A. Nicieza, and R. J. Wootton. 2003. Compensatory growth in fishes: a response 
to growth depression. Fish Fish. 4:147-190. 
Angeloni, F., N. J. Ouborg, and R. Leimu. 2011. Meta-analysis on the association of 
population size and life history with inbreeding depression in plants. Biol. 
Conserv. 144:35-43. 
Archer, M. S. and M. A. Elgar. 1999. Female preference for multiple partners: sperm 
competition in the hide beetle, Dermestes maculatus (DeGeer). Anim. Behav. 58:669-
675. 
Armbruster, P. and D. H. Reed. 2005. Inbreeding depression in benign and stressful 
environments. Heredity 95:235-242. 
Auer, S. K. 2010. Phenotypic Plasticity in Adult Life-History Strategies Compensates for 
a Poor Start in Life in Trinidadian Guppies (Poecilia reticulata). Am. Nat. 176:818-
829. 
Becker, P. J., J. Hegelbach, L. F. Keller, and E. Postma. 2016. Phenotype-associated 
inbreeding biases estimates of inbreeding depression in a wild bird population. J. 
Evol. Biol. 29:35-46. 
!!!!
! 20 
Bijlsma, R., J. Bundgaard, and W. F. Van Putten. 1999. Environmental dependence of 
inbreeding depression and purging in Drosophila melanogaster. J. Evol. Biol. 12:1125-
1137. 
Birkhead, T. R., D. J. Hosken, and S. Pitnick. 2009. Sperm biology. Academic Press, 
London. 
Bize, P., N. B. Metcalfe, and A. Roulin. 2006. Catch-up growth strategies differ between 
body structures: interactions between age and structure-specific growth in wild 
nestling Alpine Swifts. Funct. Ecol. 20:857-864. 
Blount, J. D., N. B. Metcalfe, K. E. Arnold, P. F. Surai, G. L. Devevey, and P. Monaghan. 
2003. Neonatal nutrition, adult antioxidant defences and sexual attractiveness in 
the zebra finch. P. Roy. Soc. B-Biol. Sci. 270:1691-1696. 
Bolund, E., H. Schielzeth, and W. Forstmeier. 2011. Correlates of male fitness in captive 
zebra finches - a comparison of methods to disentangle genetic and environmental 
effects. BMC Evol. Biol. 11:327. 
Bonduriansky, R. and T. Day. 2009. Nongenetic inheritance and Its evolutionary 
implications. Annu. Rev. Ecol. Syst. 40:103-125. 
Bretman, A., A. Lize, C. A. Walling, and T. A. R. Price. 2014. The heritability of mating 
behaviour in a fly and its plasticity in response to the threat of sperm competition. 
Plos One 9. 
Bretman, A., N. Wedell, and T. Tregenza. 2004. Molecular evidence of post-copulatory 
inbreeding avoidance in the field cricket Gryllus bimaculatus. P. Roy. Soc. B-Biol. 
Sci. 271:159-164. 
Bunning, H., J. Rapkin, L. Belcher, C. R. Archer, K. Jensen, and J. Hunt. 2015. Protein 
and carbohydrate intake influence sperm number and fertility in male 
cockroaches, but not sperm viability. P. Roy. Soc. B-Biol. Sci. 282:20142144. 
Burton, T. and N. B. Metcalfe. 2014. Can environmental conditions experienced in early 
life influence future generations? Proc Biol Sci 281:20140311. 
Byers, D. L. and D. M. Waller. 1999. Do plant populations purge their genetic load? 
Effects of population size and mating history on inbreeding depression. Annu. 
Rev. Ecol. Syst. 30:479-513. 
Charlesworth, B. and D. Charlesworth. 1999. The genetic basis of inbreeding depression. 
Genet. Res. 74:329-340. 
Charlesworth, D. and B. Charlesworth. 1987. Inbreeding depression and its evolutionary 
consequences. Annu. Rev. Ecol. Syst. 18:237-268. 
!!!!
! 21 
Charlesworth, D. and J. H. Willis. 2009. The genetics of inbreeding depression. Nat. Rev. 
Genet. 10:783-796. 
Charpentier, M. J. E., A. Widdig, and S. C. Alberts. 2007. Inbreeding depression in non-
human primates: A historical review of methods used and empirical data. Am. J. 
Primatol. 69:1370-1386. 
Coltman, D. W. and J. Slate. 2003. Microsatellite measures of inbreeding: a meta-
analysis. Evolution 57:971-983. 
Cordes, N., F. Albrecht, L. Engqvist, T. Schmoll, M. Baier, C. Müller, and K. Reinhold. 
2015. Larval food composition affects courtship song and sperm expenditure in a 
lekking moth. Ecol. Entomol. 40:34-41. 
Cotton, S., K. Fowler, and A. Pomiankowski. 2004. Do sexual ornaments demonstrate 
heightened condition-dependent expression as predicted by the handicap 
hypothesis? P. Roy. Soc. B-Biol. Sci. 271:771-783. 
Crnokrak, P. and D. A. Roff. 1999. Inbreeding depression in the wild. Heredity 83:260-
270. 
Dahlgaard, J. and A. A. Hoffmann. 2000. Stress resistance and environmental 
dependency of inbreeding depression in Drosophila melanogaster. Conserv. Biol. 
14:1187-1192. 
DeRose, M. A. and D. A. Roff. 1999. A comparison of inbreeding depression in life-
history and morphological traits in animals. Evolution 53:1288-1292. 
Devigili, A., J. L. Kelley, A. Pilastro, and J. P. Evans. 2013. Expression of pre- and 
postcopulatory traits under different dietary conditions in guppies. Behav. Ecol. 
24:740-749. 
Dewsbury, D. A. 1981. Effects of novelty on copulatory-behavior - the coolidge effect and 
related phenomena. Psychological Bulletin 89:464-482. 
Dmitriew, C. M. 2011. The evolution of growth trajectories: what limits growth rate? 
Biol. Rev. Camb. Philos. Soc. 86:97-116. 
Eakley, A. L. and A. E. Houde. 2004. Possible role of female discrimination against 
'redundant' males in the evolution of colour pattern polymorphism in guppies. P. 
Roy. Soc. B-Biol. Sci. 271:S299-S301. 
Ebel, E. R. and P. C. Phillips. 2016. Intrinsic differences between males and females 
determine sex-specific consequences of inbreeding. BMC Evol. Biol. 16. 
Evans, J. P., R. C. Brooks, S. R. K. Zajitschek, and S. C. Griffith. 2008. Does genetic 
relatedness of mates influence competitive fertilization success in guppies? 
!!!!
! 22 
Evolution 62:2929-2935. 
Falconer, D. S. and T. F. C. Mackay. 1996. Introduction to Quantitative Genetics. 
Longman, Harlow, UK. 
Fay, R., C. Barbraud, K. Delord, and H. Weimerskirch. 2016. Paternal but not maternal 
age influences early-life performance of offspring in a long-lived seabird. P. Roy. 
Soc. B-Biol. Sci. 283. 
Festa-Bianchet, M., J. T. Jorgenson, and D. Reale. 2000. Early development, adult mass, 
and reproductive success in bighorn sheep. Behav. Ecol. 11:633-639. 
Fox, C. W. and D. H. Reed. 2011. Inbreeding depression increases with environmental 
stress: an experimental study and meta-analysis. Evolution 65:246-258. 
Fricke, C., M. I. Adler, R. C. Brooks, and R. Bonduriansky. 2015. The complexity of 
male reproductive success: effects of nutrition, morphology, and experience. 
Behav. Ecol. 26:617-624. 
Fromhage, L. and J. M. Schneider. 2005. No discrimination against previous mates in a 
sexually cannibalistic spider. Naturwissenschaften 92:423-426. 
Frommen, J. G., C. Luz, D. Mazzi, and T. C. M. Bakker. 2008. Inbreeding depression 
affects fertilization success and survival but not breeding coloration in threespine 
sticklebacks. Behaviour 145:425-441. 
Gershman, S. N. 2009. Postcopulatory female choice increases the fertilization success of 
novel males in the field cricket, Gryllus vocalis. Evolution 63:67-72. 
Gershman, S. N. and S. K. Sakaluk. 2009. No Coolidge Effect in Decorated Crickets. 
Ethology 115:774-780. 
Hector, K. L. and S. Nakagawa. 2012. Quantitative analysis of compensatory and catch-
up growth in diverse taxa. J. Anim. Ecol. 81:583-593. 
Hedrick, P. W. and S. T. Kalinowski. 2000. Inbreeding depression in conservation 
biology. Annu. Rev. Ecol. Syst. 31:139-162. 
Houle, D. 1992. Comparing evolvability and variability of quantitative traits. Genetics 
130:195. 
Hubbard, J. K., B. R. Jenkins, and R. J. Safran. 2015. Quantitative genetics of plumage 
color: lifetime effects of early nest environment on a colorful sexual signal. Ecol. 
Evol. 5:3436-3449. 
Ilmonen, P., G. Stundner, M. Thoss, and D. J. Penn. 2009. Females prefer the scent of 
outbred males: good-genes-as-heterozygosity? BMC Evol. Biol. 9:104. 
Jennions, M. D., J. Hunt, R. Graham, and R. Brooks. 2004. No evidence for inbreeding 
!!!!
! 23 
avoidance through postcopulatory mechanisms in the black field cricket, 
Teleogryllus commodus. Evolution 58:2472-2477. 
Jennions, M. D. and M. Petrie. 2000. Why do females mate multiply? A review of the 
genetic benefits. Biol. Rev. Camb. Philos. Soc. 75:21-64. 
Kahn, A. T., J. D. Livingston, and M. D. Jennions. 2012. Do females preferentially 
associate with males given a better start in life? Biol. Lett. 8:362-364. 
Keller, L. F. and D. M. Waller. 2002. Inbreeding effects in wild populations. Trends Ecol. 
Evol. 17:230-241. 
Kokko, H. and I. Ots. 2006. When not to avoid inbreeding. Evolution 60:467–475. 
Kristensen, T. N., J. Dahlgaard, and V. Loeschcke. 2003. Effects of inbreeding and 
environmental stress on fitness - using Drosophila buzzatii as a model organism. 
Conserv. Genet. 4:453-465. 
Kruuk, L. E., T. H. Clutton-Brock, J. Slate, J. M. Pemberton, S. Brotherstone, and F. E. 
Guinness. 2000. Heritability of fitness in a wild mammal population. Proc. Natl. 
Acad. Sci. U. S. A. 97:698-703. 
Kruuk, L. E. B. 2004. Estimating genetic parameters in natural populations using the 
"animal model". Philos. Trans. R. Soc. Lond. B Biol. Sci. 359:873-890. 
Kruuk, L. E. B. and J. D. Hadfield. 2007. How to separate genetic and environmental 
causes of similarity between relatives. J. Evol. Biol. 20:1890-1903. 
Lee, W.-S., P. Monaghan, and N. B. Metcalfe. 2012. The pattern of early growth 
trajectories affects adult breeding performance. Ecology 93:902-912. 
Lindström, J. 1999. Early development and fitness in birds and mammals. Trends Ecol. 
Evol. 14:343-348. 
Lindström, J., N. B. Metcalfe, and N. J. Royle. 2005. How are animals with ornaments 
predicted to compensate for a bad start in life? A dynamic optimization model 
approach. Funct. Ecol. 19:421-428. 
Lynch, M. and B. Walsh. 1998. Genetics and Analysis of Quantitative Traits, Sunderland, 
MA, USA. 
Mattey, S. N., L. Strutt, and P. T. Smiseth. 2013. Intergenerational effects of inbreeding 
in Nicrophorus vespilloides: offspring suffer fitness costs when either they or their 
parents are inbred. J. Evol. Biol. 26:843-853. 
Mays, H. L. and G. E. Hill. 2004. Choosing mates: good genes versus genes that are a 
good fit. Trends Ecol. Evol. 19:554-559. 
McAdam, A. G., S. Boutin, D. Réale, and D. Berteaux. 2002. Maternal effects and the 
!!!!
! 24 
potential for evolution in a natural population of animals. Evolution 56:846-851. 
Meagher, S., D. J. Penn, and W. K. Potts. 2000. Male-male competition magnifies 
inbreeding depression in wild house mice. Proc. Natl. Acad. Sci. U. S. A. 97:3324-
3329. 
Merkling, T., C. Perrot, F. Helfenstein, J.-B. Ferdy, L. Gaillard, E. Lefol, E. Voisin, S. A. 
Hatch, E. Danchin, and P. Blanchard. 2016. Maternal effects as drivers of sibling 
competition in a parent-offspring conflict context? An experimental test. Ecol. 
Evol. 6:3699-3710. 
Metcalfe, N. B. and P. Monaghan. 2001. Compensation for a bad start: grow now, pay 
later? Trends Ecol. Evol. 16:254-260. 
Michalczyk, L., A. L. Millard, O. Y. Martin, A. J. Lumley, B. C. Emerson, T. Chapman, 
and M. J. G. Gage. 2011. Inbreeding Promotes Female Promiscuity. Science 
333:1739-1742. 
Mousseau, T. A. and C. W. Fox. 1998. The adaptive significance of maternal effects. 
Trends Ecol. Evol. 13:403-407. 
Noble, D. W. A., S. E. McFarlane, J. S. Keogh, and M. J. Whiting. 2014. Maternal and 
additive genetic effects contribute to variation in offspring traits in a lizard. Behav. 
Ecol. 25. 
O'Grady, J. J., B. W. Brook, D. H. Reed, J. D. Ballou, D. W. Tonkyn, and R. Frankham. 
2006. Realistic levels of inbreeding depression strongly affect extinction risk in 
wild populations. Biol. Conserv. 133:42-51. 
Ohlsson, T., H. G. Smith, L. Raberg, and D. Hasselquist. 2002. Pheasant sexual 
ornaments reflect nutritional conditions during early growth. P. Roy. Soc. B-Biol. 
Sci. 269:21-27. 
Parker, G. A. and T. Pizzari. 2010. Sperm competition and ejaculate economics. 
Biological Reviews 85:897-934. 
Pemberton, J. M., P. E. Ellis, J. G. Pilkington, and C. Berenos. 2016. Inbreeding 
depression by environment interactions in a free-living mammal population. 
Heredity. 
Pilakouta, N. and P. T. Smiseth. 2017. Female mating preferences for outbred versus 
inbred males are conditional upon the female's own inbreeding status. Anim. 
Behav. 123:369-374. 
Pizzari, T., R. Dean, A. Pacey, H. Moore, and M. B. Bonsall. 2008. The evolutionary 
ecology of pre- and post-meiotic sperm senescence. Trends Ecol. Evol. 23:131-
!!!!
! 25 
140. 
Pooley, E. L., M. W. Kennedy, and R. G. Nager. 2014. Maternal inbreeding reduces 
parental care in the zebra finch, Taeniopygia guttata. Anim. Behav. 97:153-163. 
Prokop, Z. M., J. E. Les, P. K. Banas, P. Koteja, and J. Radwan. 2010. Low inbreeding 
depression in a sexual trait in the stalk-eyed fly Teleopsis dalmanni. Evol. Ecol. 
24:827-837. 
Pusey, A. and M. Wolf. 1996. Inbreeding avoidance in animals. Trends Ecol. Evol. 
11:201-206. 
Rahman, M. M., J. L. Kelley, and J. P. Evans. 2013. Condition-dependent expression of 
pre- and postcopulatory sexual traits in guppies. Ecol. Evol. 3:2197-2213. 
Räsänen, K. and L. E. B. Kruuk. 2007. Maternal effects and evolution at ecological time-
scales. Funct. Ecol. 21:408-421. 
Reed, D. H., C. W. Fox, L. S. Enders, and T. N. Kristensen. 2012. Inbreeding-stress 
interactions: evolutionary and conservation consequences. Ann. N. Y. Acad. Sci. 
1256:33-48. 
Reid, J. M., P. Arcese, and L. F. Keller. 2003. Inbreeding depresses immune response in 
song sparrows (Melospiza melodia): direct and inter-generational effects. P. Roy. Soc. 
B-Biol. Sci. 270:2151-2157. 
Robinson, S. P., W. J. Kennington, and L. W. Simmons. 2012. Preference for related 
mates in the fruit fly, Drosophila melanogaster. Anim. Behav. 84:1169-1176. 
Roff, D. A. 1992. The evolution of life histories. Chapman and Hall, New York, New 
York, USA. 
Roff , D. A. 1997. Evolutionary Quantitative Genetics. Chapman & Hall, New York. 
Roff, D. A. 2002. Inbreeding depression: Tests of the overdominance and partial 
dominance hypotheses. Evolution 56:768-775. 
Rowe, L. and D. Houle. 1996. The lek paradox and the capture of genetic variance by 
condition dependent traits. P. Roy. Soc. B-Biol. Sci. 263:1415-1421. 
Royle, N. J., J. Lindstrom, and N. B. Metcalfe. 2005. A poor start in life negatively affects 
dominance status in adulthood independent of body size in green swordtails 
Xiphophorus helleri. P. Roy. Soc. B-Biol. Sci. 272:1917-1922. 
Runagall-McNaull, A., R. Bonduriansky, and A. J. Crean. 2015. Dietary protein and 
lifespan across the metamorphic boundary: protein-restricted larvae develop into 
short-lived adults. Sci Rep 5:11783. 
Schroeder, J., S. Nakagawa, M. Rees, M.-E. Mannarelli, and T. Burke. 2015. Reduced 
!!!!
! 26 
fitness in progeny from old parents in a natural population. Proc. Natl. Acad. Sci. 
U. S. A. 112:4021-4025. 
Sentinella, A. T., A. J. Crean, and R. Bonduriansky. 2013. Dietary protein mediates a 
trade-off between larval survival and the development of male secondary sexual 
traits. Funct. Ecol. 27:1134-1144. 
Simmons, L. W. 2011. Inbreeding depression in the competitive fertilization success of 
male crickets. J. Evol. Biol. 24:415-421. 
Snook, R. R. 2005. Sperm in competition: not playing by the numbers. Trends Ecol. 
Evol. 20:46-53. 
Stearns, S. C. 1992. The evolution of life histories. Oxford University Press, Oxford. 
Stockley, P. 1999. Sperm selection and genetic incompatibility: does relatedness of mates 
affect male success in sperm competition? P. Roy. Soc. B-Biol. Sci. 266:1663-
1669. 
Szulkin, M., D. Garant, R. H. McCleery, and B. C. Sheldon. 2007. Inbreeding depression 
along a life-history continuum in the great tit. J. Evol. Biol. 20:1531-1543. 
Szulkin, M., K. V. Stopher, J. M. Pemberton, and J. M. Reid. 2013. Inbreeding 
avoidance, tolerance, or preference in animals? Trends Ecol. Evol. 28:205-211. 
Taborsky, B. 2006. The influence of juvenile and adult environments on life-history 
trajectories. P. Roy. Soc. B-Biol. Sci. 273:741-750. 
Tan, C. K. W., H. Lovlie, T. Pizzari, and S. Wigby. 2012. No evidence for precopulatory 
inbreeding avoidance in Drosophila melanogaster. Anim. Behav. 83:1433-1441. 
Tigreros, N. 2013. Linking nutrition and sexual selection across life stages in a model 
butterfly system. Funct. Ecol. 27:145-154. 
Tregenza, T. and N. Wedell. 2000. Genetic compatibility, mate choice and patterns of 
parentage: Invited review. Mol. Ecol. 9:1013-1027. 
Tregenza, T. and N. Wedell. 2002. Polyandrous females avoid costs of inbreeding. Nature 
415:71-73. 
Uller, T. 2008. Developmental plasticity and the evolution of parental effects. Trends 
Ecol. Evol. 23:432-438. 
Valtonen, T. M., D. A. Roff, and M. J. Rantala. 2014. The deleterious effects of high 
inbreeding on male Drosophila melanogaster attractiveness are observed under 
competitive but not under non-competitive conditions. Behav. Genet. 44:144-
154. 
Wolf, J. B. and M. J. Wade. 2009. What are maternal effects (and what are they not)? 
!!!!
! 27 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 364:1107-1115. 
Youngson, N. A. and E. Whitelaw. 2008. Transgenerational epigenetic effects. Pp. 233-
257. Annual Review of Genomics and Human Genetics. 
Zeh, J. A., S. D. Newcomer, and D. W. Zeh. 1998. Polyandrous females discriminate 
against previous mates. Proc. Natl. Acad. Sci. U. S. A. 95:13732-13736.!
! !
!
Chapter 1
The effects of familiarity and mating 
experience on mate choice in mosquitofish, 
Gambusia holbrooki
Behavioral Ecology 25(5): 1205-1211
!
!!!!
! 31 
!! !
!!!!
! 32 
!! !
!!!!
! 33 
!! !
!!!!
! 34 
! !
!!!!
! 35 
!! !
!!!!
! 36 
!! !
!!!!
! 37 
!! !
!
Chapter 2
Evidence for inbreeding depression in a species 
with limited opportunity for maternal effects
Ecology and Evolution 5(7): 1398-1404
!
!!!!
! 41 
!! !
!!!!
! 42 
!! !
!!!!
! 43 
!! !
!!!!
! 44 
!! !
!!!!
! 45 
!! !
!!!!
! 46 
!! !
!!!!
! 47 
!! !
!
Chapter 3
Inbreeding depression does not 
increase after exposure to a stressful 
environment: a test using 
compensatory growth
BMC Evolutionary Biology 16(1): 68
!
!!!!
! 51 
!! !
!!!!
! 52 
!!
!!!!
! 53 
!! !
!!!!
! 54 
!! !
!!!!
! 55 
!! !
!!!!
! 56 
!! !
!!!!
! 57 
!! !
!!!!
! 58 
!! !
!!!!
! 59 
!! !
!!!!
! 60 
!! !
!!!!
! 61 
!! !
!!!!
! 62 
!! !
!!!!
! 63 
Additional file 1 
 
 
To determine heterozygosity for the fish in our experiment we took tissue samples from a 
subsample of males (n= 122). DNA was extracted from the tail muscle/caudal fin using 
Qiagen DNeasy Blood and Tissue Kits following the manufacturer’s instructions. After 
extraction DNA samples were sent to the commercial genotyping service Diversity Arrays. 
This company has developed a widely used technique called DArTseq™.  DArTseq™ 
represents a combination of DArT complexity reduction methods and next generation 
sequencing platforms [1-4]. It is a new implementation of sequencing complexity reduced 
representations [5] and more recent applications of this concept on next generation 
sequencing platforms [6, 7]. The technology is optimized for each organism by selecting 
the most appropriate complexity reduction method based on both the size of the 
representation and the fraction of a genome selected for assays. Four methods of 
complexity reduction were tested in Gambusia (data not presented) and the PstI-HpaII 
method was selected. DNA samples were processed in digestion/ligation reactions 
principally as per [3] but replacing a single PstI-compatible adaptor with two different 
adaptors corresponding to two different Restriction Enzyme (RE) overhangs. The PstI-
compatible adapter was designed to include Illumina flowcell attachment sequence 
sequencing primer sequence and “staggered” varying length barcode region similar to the 
sequence reported by [7]. Reverse adapter contained flowcell attachment region and 
HpaII-compatible overhang sequence. Only “mixed fragments” (PstI-HpaII) were 
effectively amplified in 30 rounds of PCR using the following reaction conditions: 1. 94 ̊C 
for 1 min; 2. 30 cycles of 94 ̊C for 20 sec 58̊ C for 30 sec 72 ̊C for 45 sec; 3. 72 ̊C for 7 
min. After PCR equimolar amounts of amplification products from each sample of the 
96-well microtiter plate were bulked and applied to c-Bot (Illumina) bridge PCR followed 
by sequencing on Illumina Hiseq2500.  The sequencing (single read) was run for 77 cycles. 
 
Sequences generated from each lane were processed using proprietary DArT 
analytical pipelines. In the primary pipeline the fastq files were processed to filter away 
poor quality sequences applying more stringent selection criteria to the barcode region 
than the rest of the sequence. In that way, the assignments of the sequences to specific 
samples carried in the “barcode split” step are very reliable. Approximately 2500000 (+/- 
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7%) sequences per barcode/sample were used in marker calling in routine DArTseq assay 
but we applied a more cost-effective version of the assay using half of the normal tag 
number (average of 1.3 million per sample). Finally, identical sequences were collapsed 
into “fastqcall files”. These files were used in the secondary pipeline for DArT PL’s 
proprietary SNP and SilicoDArT (presence/absence of restriction fragments in 
representation) calling algorithms (DArTsoft14). This clean-up process resulted in a 
comprehensive data set of approximately 3045 SNPs with an average call rate of 97.7% 
and a reproducibility rate of 99.3%.  
 
Heterozygosity 
 
We estimated heterozygosity by using the number of markers that were scored as 
heterozygous divided by the total number of successfully classified markers for that fish. 
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Histogram of adult age (days since maturation) for control diet (C) and low food diet (L) 
males.  
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Appendix S1 
 
Heterozygosity based on SNPs 
 
To determine heterozygosity for the fish in our experiment we took tissue samples from a 
subsample of males (n= 122). DNA was extracted from the tail muscle/caudal fin using 
Qiagen DNeasy Blood and Tissue Kits following the manufacturer’s instructions. After 
extraction DNA samples were sent to the commercial genotyping service Diversity Arrays. 
This company has developed a widely used technique called DArTseq™. It represents a 
combination of DArT complexity reduction methods and next generation sequencing 
platforms (Kilian et al., 2012; Courtois et al., 2013; Cruz et al., 2013; Raman et al., 2014). 
It is a new implementation of sequencing complexity reduced representations (Altshuler 
et al., 2000) on next generation sequencing platforms (Baird et al., 2008; Elshire et al., 
2011). It is optimized for each organism by selecting the most appropriate complexity 
reduction method based on both the size of the representation and the fraction of a 
genome selected for assays. Four methods of complexity reduction were tested in Gambusia 
(data not presented) and the PstI-HpaII method was selected. DNA samples were 
processed in digestion/ligation reactions principally following the methods of (Kilian et 
al., 2012), but replacing a single PstI-compatible adaptor with two different adaptors each 
corresponding to different Restriction Enzyme (RE) overhangs. The PstI-compatible 
adapter was designed to include Illumina flowcell attachment sequence, sequencing 
primer sequence and “staggered”, varying length barcode region similar to the sequence 
reported by (Elshire et al., 2011). The reverse adapter contained a flowcell attachment 
region and HpaII-compatible overhang sequence. Only “mixed fragments” (PstI-HpaII) 
were effectively amplified in 30 rounds of PCR using the following reaction conditions: 1. 
94̊ C for 1 min; 2. 30 cycles of 94 ̊C for 20 sec 58̊ C for 30 sec 72̊ C for 45 sec; 3. 72̊ C for 
7 min. After PCR equimolar amounts of amplification products from each sample of the 
96-well microtiter plate were bulked and applied to c-Bot (Illumina) bridge PCR followed 
by sequencing on Illumina Hiseq2500.  The sequencing (single read) was run for 77 cycles. 
(EBPCRI primer: 5’-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC
TTCCGATCT-3’ and EBHpaIIpcr primer: 5’-
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CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG
C TCTTCC GATCTCGG-3’). 
Sequences generated from each lane were processed using proprietary DArT analytical 
pipelines. In the primary pipeline the fastq files were processed to filter away poor quality 
sequences applying more stringent selection criteria to the barcode region than the rest of 
the sequence. In that way the assignments of the sequences to specific samples carried in 
the “barcode split” step are very reliable. Approximately 2500000 (+/- 7%) sequences 
per barcode/sample were used in marker calling in routine DArTseq assay but we applied 
a more cost effective version of the assay using half of the normal tag number (average of 
1.3 million per sample). Finally, identical sequences were collapsed into “fastqcall files”. 
These files were used in the secondary pipeline for DArT PL’s proprietary SNP and 
SilicoDArT (presence/absence of restriction fragments in representation) calling 
algorithms (DArTsoft14). For the current sample, this clean-up process resulted in a 
comprehensive data set of approximately 3455 SNPs with an average call rate of 97.7% 
and a reproducibility rate of 99.3%. By comparison, the sample of (Booksmythe et al., 
2016) resulted in a data set of approximately 4465 SNPs with an average call rate of 93.5% 
and a reproducibility rate of 98.8%.  
 
Paternity 
 
From these SNPs we calculated a Hamming Distance Matrix for all 122 putative sires 
and the 628 offspring to determine paternity. Recent studies show that as few as 30 
optimized SNPs are sufficient to differentiate among 100,000 individuals based on 
Hamming Distance values (Hu et al., 2015). Each offspring was lined up against its four 
potential sires, and Hamming Distance values were compared. The sire was the lowest 
value was considered a match. We could unambiguously assign paternities for all fry (i.e. 
the distance was markedly lower for one of the four males). We also checked Hamming 
distances for potential sample mix-ups. We detected none.  
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Abstract  
 
 
Although multiple causes of parental effects on offspring have been documented, we know 
little about how different aspects interact, or the extent to which they depend on the sex 
of either the parent or the offspring. We experimentally tested the simultaneous effects of 
parental age, early diet, inbreeding levels, and their potential interactions on key aspects 
of offspring development. We found evidence of older mothers producing offspring that 
were smaller at birth. This negative effect of maternal age persisted throughout life for 
daughters, but not for sons: the daughters of older mothers matured at a smaller size, 
albeit sooner. Paternal age did not affect offspring body size, but it had complex effect on 
sons’ relative genital size. When initially raised on a food-restricted diet, older fathers sired 
sons with relatively smaller genitalia, but when fathers were initially raised on a control 
diet their sons had relatively larger genitalia. Parental inbreeding had no effect on any of 
the measured offspring traits. Our results indicate that the manifestation of parental effects 
can be complex, can vary with both parent and offspring sex, can change over an 
offspring’s life, and is sometimes only evident as an interaction between different parental 
traits. Understanding this complexity will be important for predicting the role of parental 
effects in adaptation.  
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Introduction  
 
 
The role that parents play in determining the phenotype of their offspring can involve 
both genetic and non-genetic routes (Kirkpatrick and Lande 1989; Uller 2008; 
Bonduriansky and Day 2009). The most well-known pathway is that offspring inherit 
genes that cause them to resemble their parents (i.e. due to additive genetic variation). 
However, parents can also influence their offspring’s phenotype via many other pathways, 
collectively known as ‘parental effects’ (Mousseau and Fox 1998; Räsänen and Kruuk 
2007; Wolf and Wade 2009). For example, environmental conditions that a parent 
experiences (e.g. diet or disease), non-additive genetic variation (e.g. parental 
heterozygosity), parental age, and parental body condition, can all affect an offspring’s 
phenotype (e.g. Annavi et al. 2014; Bouwhuis et al. 2015; Besson et al. 2016). Variation 
in such parental effects could have substantial implications for offspring fitness, and 
parental effects on offspring are often of equivalent magnitude to those arising from 
heritable genetic variation, with potentially large implications for evolutionary and 
ecological dynamics (Lynch and Walsh 1998; Räsänen and Kruuk 2007; Badyaev and 
Uller 2009). The full complexity of parental effects is becoming increasingly apparent: 
identifying the multiple drivers, and determining when, and how, they interact, presents 
a substantial challenge for evolutionary ecology.  
 
Parental effects can alter offspring morphology, growth, development, and 
behaviour (Mousseau and Fox 1998; Royle et al. 2012). For instance, parents that are in 
poor condition, or have been exposed to toxins or other stressors, are likely to produce 
lower quality offspring (Mousseau and Fox 1998; Uller 2008). But, despite evidence that 
parental effects are widespread, we still know relatively little about how specific parental 
phenotypes generate parental effects. Three factors have, however, drawn attention: 
parental age, parental body condition, and parental inbreeding status. Parental age can 
have predictable parental effects (e.g. Bouwhuis et al. 2015; Schroeder et al. 2015): there 
is a trend for older mothers to produce shorter-lived offspring (the "Lansing effect"; 
Lansing 1947; Hercus and Hoffmann 2000; Priest et al. 2002), and in insects for example, 
egg hatching rates and larval viability decline with maternal age (Hercus and Hoffmann 
2000; Fox et al. 2003; Singh and Omkar 2009). Secondly, parental nutrition affects 
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offspring phenotype in many species (review: Bonduriansky and Day 2009). This effect is 
most obvious when there is parental care and food is directly provided by parents to 
offspring (Smiseth et al. 2012). For example, parental provisioning affects offspring body 
and horn size in dung beetles (Hunt and Simmons 2000). Additionally, parental nutrition 
affects offspring phenotype through allocation of resources into eggs (Bernardo 1996; 
Mousseau and Fox 1998). Finally, inbreeding negatively affects many adult traits 
('inbreeding depression'; Keller and Waller 2002), so there is the potential for parental 
inbreeding status to influence offspring fitness. There is, for example, evidence that more 
inbred parents produce offspring with lower hatching rates (Mattey et al. 2013; Pooley et 
al. 2014), reduced body weight (Bérénos et al. 2016), lower juvenile survival (Huisman et 
al. 2016), weaker immune responses (Reid et al. 2003), and lower reproductive success 
(Szulkin et al. 2007). Other studies find no evidence that inbred parents produce less fit 
offspring (Keller et al. 2002). However, despite the increasing evidence for the importance 
of these three major factors, we lack information about the extent to which they interact 
to determine paternal effects. For example, are parental effects due to inbreeding 
heightened in older parents, or those in poor body condition? It is also unclear to what 
extent the effects of these factors may interact with either the sex of the offspring (i.e. 
differing between sons and daughters) or that of the parent (i.e. differing maternal or 
paternal effects). 
 
In species with no post-natal parental care parental effects are confined to the 
content of eggs and sperm. Here, in general, there is far more evidence for maternal than 
paternal effects (Curley et al. 2011; Crean et al. 2013). Maternal provisioning of eggs with 
chemicals and food resources offers a straightforward route whereby mothers can affect 
early offspring development (e.g. Räsänen and Kruuk 2007; Stynoski et al. 2014). Indeed, 
variation in the protein and RNA content of eggs is known to directly affect early gene 
expression in offspring (Fox and Czesak 2000; Johnstone and Lasko 2001; Ducatez et al. 
2012). In contrast, it is less clear how paternal effects arise in the absence of male parental 
care: sperm is mainly considered to be a device to transfer DNA to eggs (Karr et al. 2009; 
Crean and Bonduriansky 2014). There is, however, increasing evidence that fathers affect 
the phenotype of their offspring via non-genetic factors even in the absence of direct 
paternal care (e.g. Bonduriansky and Head 2007; Mashoodh et al. 2012; Crean and 
Bonduriansky 2014; Fay et al. 2016). For example, a father’s diet influences offspring size 
and age at maturity in springtails (Zizzari et al. 2016). This could be due to the presence 
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of non-genetic factors in ejaculates, such as lipids and proteins that enter the zygote; or to 
epigenetic changes in paternal DNA that then affect gene expression in zygotes (Crean 
and Bonduriansky 2014; Holman and Price 2014). To date, however, studies that directly 
compare the relative magnitude of maternal and paternal effects are rare, particularly in 
taxa lacking post-natal parental care.  
 
Here we tested the extent to which parental effects in the eastern mosquitofish 
(Gambusia holbrooki) are shaped by three key characteristics of parents: their age, their own 
early development, their inbreeding coefficient, and the potential interactions between 
them. We know that all three factors can shape parental phenotype in other species (e.g. 
age: Hercus and Hoffmann 2000; diet: Bonduriansky and Head 2007; inbreeding: Mattey 
et al. 2013), but to what extent do they affect offspring in G. holbrooki? Previous work on 
G. holbrooki indicates substantial variation among mothers in maternal effects on these 
offspring traits (Kruuk et al. 2015) and an effect of inbreeding on reproductive success 
(Head et al. 2017; Vega-Trejo et al. 2017). Here, we tested the role of three potential 
causes of this variation, and their potential interactions, in generating both maternal and 
paternal effects, and quantified their importance for both sons and daughters.  
 
Methods  
 
 
Study species  
 
The eastern mosquitofish (Gambusia holbrooki) is a poeciliid fish endemic to North America, 
but now found worldwide (Pyke 2005). It was introduced to Australia in 1925, where 
reported heterozygosity levels are assumed to be lower (Ayres et al. 2010). Native 
populations of mosquitofish show heterozygosity levels ranging from 0.23 – 0.63 (Vera et 
al. 2016). Our study population shows heterozygosity levels within the lower end of those 
seen in the species’ native range (mean heterozygosity: 0.27; Head et al. 2017). Gambusia 
have internal fertilization: females invest in their offspring prior to fertilization by 
provisioning eggs, but subsequently provide no further contribution (i.e. lecithotrophy; 
Fernández-Delgado and Rossomanno 1997). Males transfer sperm to females via a 
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modified anal fin called the gonopodium (Constantz 1989) and mate solely using coercive 
‘sneak’ copulations in which they approach a female from behind and thrust their 
gonopodium towards her gonopore (Bisazza and Marin 1995; Langerhans 2011). Body 
size in both males and females has been linked to reproductive success. Smaller males 
show greater manoeuvrability, which seems to increase their success at sneak copulations 
(Pilastro et al. 1997; Head et al. 2017), although larger males can dominate their rivals for 
access to females and might transfer more sperm because they have larger sperm reserves 
(Bisazza and Marin 1991; O'Dea et al. 2014). Female body size is strongly correlated with 
fecundity (Bisazza et al. 1989; Callander et al. 2012). Time to reach maturity is highly 
variable, ranging from 25 to 120 days in our study population (Livingston et al. 2014; 
Vega-Trejo et al. 2016a). Mosquitofish rarely live longer than 12 to 15 months in the wild, 
but may live up to 18 months in captivity (Pyke 2008). Finally, heterozygosity has been 
shown to be positively correlated with male reproductive success, based on both standing 
variation and experimental manipulation of inbreeding status (Head et al. 2017; Vega-
Trejo et al. 2017). 
 
Experimental design  
 
We tested for the impact of parental age, early diet, and inbreeding levels on maternal 
and paternal effects in two separate experiments. Maternal effects were investigated by 
mating experimental F2 females to stock random males, and paternal effects by mating 
experimental F2 males to random stock females (see details below). The stock individuals 
were unrelated to the experimental individuals. 
 
Parental breeding design and fish rearing 
 
Our experimental design consisted of parents who were either inbred or outbred, and 
were then reared on either a control or restricted diet. Our starting population (F0) 
consisted of offspring from 151 gravid wild-caught females collected from three natural 
ponds around Canberra, Australia (Lake Ginninderra: 35.228°S, 149.063°E, Lake Burley 
Griffin: 35.289°S, 149.099°E, and Bruce Ponds: 35.241°S, 149.091°E), from October 
2009 to April 2010. We inspected fish for maturity to separate males and females. Females 
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were considered mature when yellow spots were evident in the abdomen, indicating 
yolked eggs (Stearns 1983). Males were considered to be mature when their gonopodium 
was translucent, with a spine visible at the tip (Stearns 1983; Zulian et al. 1993). These 
fish were kept in single-sexed tanks (30-60 fish per 90 L tank) under a 14:10 photoperiod 
at 28°C, and fed ad libitum with Artemia nauplii and commercial fish flakes. We then paired 
males and females randomly from this starting population to create 58 full sib families (F1; 
Fig. 1). Fish from these full-sib families were then mated to create an F2 generation of both 
inbred (inbreeding coefficient f=0.25) and outbred offspring (Fig. 1). To do this, we used 
pairs of full-sib families (e.g. family A and family B from block 1, where ‘block’ represents 
a pair of families), and created outbred offspring by pairing across families (i.e. female 
from A and male from B, and male from A and female from B), and inbred offspring by 
pairing within families (i.e. female and male from A, female and male from B).  
 
We raised a maximum of 10 fish per cross-type individually in 1-L tanks. 
Individuals from each brood were evenly split between the food treatments: either a 
control or restricted (low) food diet (see Vega-Trejo et al. 2016a; Fig. 1). Fish on the 
control diet were fed ad libitum with Artemia nauplii twice a day from birth until the end of 
the experiment. Fish on the low-food diet were fed the control diet until they were one 
week old, and were then fed 3mg of Artemia nauplii once every other day (i.e. 
approximately < 25% of the control food intake) for 21 days. We returned them to the 
control diet after 21 days, so that all fish were on control diet when they were used as 
parents. An effect of dietary treatment would therefore indicate that parental juvenile 
development influences the magnitude of parental effects. We then used as parents in our 
experiment those F2 fish that survived until maturity and developed normally (e.g. no 
spinal curvature, which was not related to inbreeding depression, n = 498 of 527 F2 
offspring at birth).  
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Figure 1. Schematic of the experimental design. Stock 1 = stock fish. S = stock fish 
unrelated to Stock fish 1. F0 stock males and females were paired to create F1 full-sib 
families (e.g. A and B). We set up 1-4 F1 females (to maximize the number of offspring) 
per cross-type to create F2 outbred (AB, BA; Out) and inbred (AA, BB; Inb) fish. These 
fish were reared on either a control or a low food diet early in life. F2 females from each 
treatment were paired with a stock (outbred) male to create F3 offspring on which traits 
were measured. F2 males from each treatment artificially inseminated stock (outbred) 
females to create F3 offspring on which traits were measured. F2 and F3 fish were raised 
individually.  
 
Our design resulted in four parental types as treatments in the F2 generation 
(inbred or outbred, reared on a low or control diet), whom we then bred at different ages 
to generate variation in the third factor of interest, namely parental age. Note that neither 
inbreeding status nor rearing diet influenced survival to maturity, but both males and 
females matured later when they were on the low food diet (Vega-Trejo et al. 2016a). 
Given that age at maturation in G. holbrooki is highly variable (see Pyke 2005; Livingston 
et al. 2014; Vega-Trejo et al. 2016a), we initially considered two measures of parental age 
F0
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in our analyses: ‘chronological age’ (days since birth) and ‘age since maturity’ (days since 
maturity). The results were qualitatively similar for both, but were consistently clearer for 
age since maturity. We therefore only present analyses using parental age since maturity 
in the main text, but analyses and results using chronological age are provided in the 
online supplement. All data on offspring were collected blind to parental age, diet, and 
inbreeding status.  
 
Experiment 1: Maternal effects 
 
F2 females from each of the four treatment groups were mated as virgins to laboratory 
stock males (n= 94-99 females per treatment). Each female was placed with a single male 
in a 6.5-L tank for one week to mate. She was then transferred into a separate 1-L tank 
where we checked for offspring twice daily. Females that did not give birth within six 
weeks were re-introduced to their original male for another seven days. We recorded 
female age since maturity (days from maturity until she gave birth), size (standard length, 
SL in mm), and how many offspring she produced. Means±SD for mother’s age since 
maturity are shown in Table S1. Once females gave birth we individually raised 1-10 
(average 4.3 offspring) F3 offspring per mother in 1-L tanks and recorded their size at 
birth, and size and age at maturity, and (for sons) gonopodium length (for detailed 
methods see below). All offspring were fed ad libitum with Artemia nauplii twice daily.  
 
We obtained data for 945 offspring from 37 outbred/control-diet mothers, 38 
inbred/control-diet mothers, 47 outbred/low-diet mothers, and 42 inbred/low-diet 
mothers. There was no difference in the number of offspring produced by each treatment 
(linear model: effect of maternal type: !2(3) = 0.306). 
 
Experiment 2: Paternal effects  
 
We used artificial insemination in the paternal effects experiment to control for any 
confounding effects of female preference leading to differential maternal allocation. We 
took sperm from F2 males from each of the four treatments (n= 36 males/treatment) and 
used it to artificially inseminate two laboratory stock females for each male (Fig. 1). To 
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perform the inseminations, we first anaesthetized the male in ice-cold water. We then 
placed him on a glass slide with his gonopodium swung forward and put 100µL of saline 
solution (0.9%NaCl) at the gonopodium tip. We applied gentle pressure to the male’s 
abdomen to expel sperm (Matthews et al. 1997). We then used a micropipette to transfer 
10 intact sperm bundles (in 3µL saline solution) directly into the reproductive tract of each 
of two anaesthetized females. We recorded male age since maturity (days from maturity 
until he was used to inseminate the females), and how many offspring were produced. 
Means±SD for male age since maturity are shown in Table S1. We then placed the 
inseminated females in individual 1-L tanks and allowed them six weeks to give birth, 
checking for offspring twice daily. We reared a maximum of ten offspring per female in 
separate 1-L tanks and recorded their size at birth, size and age at maturity, and (for sons) 
gonopodium length (for detailed methods see below). All offspring were fed ad libitum with 
Artemia nauplii twice daily.  
 
We obtained data for 378 offspring sired by 18 outbred/control-diet males, 21 
inbred/control-diet males, 27 outbred/low-diet males, and 25 inbred/low-diet males. 
The number of sires is lower than the maximum possible because only 42% of 
inseminations were successful (i.e. produced offspring).  
 
Offspring phenotype measurements 
 
To measure offspring size, all offspring were photographed < 18 h after birth. They were 
placed in a plastic dish (27"27 mm) with 2 mm depth of water to restrict movement and 
measured from above. To measure their size at maturity, fish were anaesthetized by 
submersion in ice-cold water for a few seconds to reduce movement then photographed 
alongside a microscopic ruler (0.1 mm gradation). We used Image J software (Abramoff 
et al. 2004) to measure standard length (SL = snout tip to base of caudal fin) for both 
sexes, and gonopodium length (apical tip to base) for males. To determine offspring 
maturity, we inspected fish three times a week. All inspections for maturity were made 
blind to treatment. We calculated relative gonopodium size for males as the residuals from 
a linear regression of (log) gonopodium size on (log) standard length. In total, we measured 
the following traits on offspring of both sexes: (i) size at birth; (ii) size at maturity; (iii) age 
at maturity, and (iv), males only: relative gonopodium length. 
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Statistical analyses 
 
To determine parental effects on offspring traits we ran separate general linear mixed 
models (GLMM) for each experiment and each trait using the package lme4 (Bates et al. 
2015) in R version 3.0.2 (R Development Core Team 2012). We included parental age 
since maturity (age from maturity to age when the female gave birth or age of when the 
male was used to inseminate a female), as a covariate, parental diet (control or low), 
inbreeding status (outbred or inbred), sex of the offspring, and all possible two-way 
interactions as fixed effects and we specified a Gaussian error structure for all traits given 
the data distributions. For tractability of interpretation we excluded three-way 
interactions. Each model was fitted with maternal identity and parental block (i.e. pair of 
families) as random effects in all models. For the paternal effects analyses we additionally 
included paternal identity as a random effect because each male could sire up to two 
broods (33% of the males successfully inseminated two females). Paternal identity was not 
included in the maternal effects models because each mother was paired with only a single 
stock male. We standardized all continuous variables (both predictors and dependent) to 
zero mean and unit variance across the entire data set (i.e. across the maternal and 
paternal experiment, except for relative gonopodium size—which was standardized 
separately for the maternal and paternal experiments) prior to analyses to facilitate model 
convergence and interpretation of the output of models containing interactions. All model 
terms were tested for significance using the Anova function in the car package specifying 
Type III Wald chi-square tests, and non-significant interactions were removed. Only final 
models are presented. 
 
Results 
 
 
The means (±SE) of the four offspring traits that we measured are given in Table S2, 
separated by: offspring sex; maternal or parental diet, and maternal or paternal 
inbreeding status. 
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Maternal effects 
 
There were no significant differences among the four types of mothers or among mothers 
of different age in whether or not they produced offspring (generalised linear model with 
binomial distribution: effect of maternal type: !2(3) = 0.002, P = 0.294, maternal age: !2(1) 
= 3.714, P = 0.966, interaction: !2(3) = 3.007, P = 0.391). 
 
Older mothers gave birth to significantly smaller offspring, regardless of whether 
these were sons or daughters (P = 0.005; Table 1, Fig. 2). In contrast, the effect that 
maternal age since maturity had on both offspring size and age at maturation differed 
between sons and daughters (offspring sex " maternal age interactions: P = 0.012 for size 
at maturation and P = 0.001 for age at maturation respectively; Table 1). Daughters of 
reproductively older mothers were significantly smaller at maturity (P = 0.014) and 
matured significantly earlier (P < 0.001), but there were no equivalent effects on sons (P 
= 0.760 and 0.593 for size and age at maturity respectively; Fig. 3a,b).  
 
Neither maternal inbreeding status (all P > 0.459), diet (all P > 0.069), nor their 
interaction (all P > 0.079) had significant effects on any of the traits (Table 1). 
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Table 1. Maternal effects on offspring performance: results from Experiment 1. Results from final mixed models with parameter estimates 
and chi-square2 (!2) tests for effects of sex of the offspring, mother’s age since maturity, diet, and inbreeding status; non-significant 
interactions were dropped from the final models. P-values in bold are statistically significant. All analyses were done on standardized 
response variables. Sample sizes are shown for each response variable. For two-level factors, the parameter shown is the effect of the 
variable level shown relative to the other. 
 
Response variable Predictor  Estimate SE !2 P 
Size at birth  Intercept 0.229 0.120 3.651 0.056 
(N offspring = 868) Sex (male) 0.058 0.054 1.156 0.282 
(N Mothers = 226) Mother's age since maturity -0.179 0.064 7.916 0.005 
 Mother's diet (low-food) -0.034 0.129 0.068 0.794 
 Mother's inbreeding status (inbred) -0.083 0.124 0.454 0.500 
Random effects: Mother’s ID variance  0.624    
 Block variance 0.040    
 Residual variance 0.714    
Size at maturity  Intercept 0.719 0.085 71.648 <0.001 
(N offspring = 868) Sex (male) -0.933 0.055 284.069 <0.001 
(N Mothers = 226) Mother's age since maturity -0.123 0.050 6.090 0.014 
 Mother's diet (low) -0.081 0.086 0.897 0.344 
 Mother's inbreeding status (inbred) -0.061 0.082 0.549 0.459 
 Sex × Mother's age since maturity 0.139 0.056 6.247 0.012 
Random effects: Mother’s ID variance  0.164    
 Block variance 0.031    
 Residual variance 0.766    
Age at maturity  Intercept 0.622 0.083 55.569 <0.001 
(N offspring = 858) Sex (male) -0.984 0.056 305.641 <0.001 
(N Mothers = 226) Mother's age since maturity -0.167 0.050 11.181 0.001 
 Mother's diet (low) -0.155 0.085 3.317 0.069 
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 Mother's inbreeding status (inbred) -0.021 0.082 0.067 0.797 
 Sex × Mother's age since maturity 0.195 0.057 11.849 0.001 
Random effects: Mother’s ID variance  0.155    
 Block variance 0.026    
 Residual variance 0.777    
Relative gonopodium size Intercept 0.040 0.095 0.172 0.678 
(N offspring = 418) Mother's age since maturity -0.086 0.056 2.311 0.129 
(N Mothers = 185) Mother's diet (low) 0.000 0.110 0.000 0.998 
 Mother's inbreeding status (inbred) -0.072 0.105 0.468 0.494 
Random effects: Mother’s ID variance  0.055    
 Block variance 0.015    
 Residual variance 0.968    
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Figure 2. Offspring size at birth. The effect of maternal age since maturity (in days) on 
the size of offspring at birth. Each data point represents the mean for each family 
(mothers: N= 226) with SE. The line represents model predictions. Grey shading 
represents 95% confidence intervals.  
 
 
 
Figure 3. Offspring size and age at maturity. The effect of maternal age on sons’ and 
daughters’ a) size and b) age at maturity. Each data point represents the mean for each 
family (mothers: N = 226) with SE. Black symbols and lines represent daughters, grey 
symbols and lines represent sons. Lines are based on model predictions. Grey shading 
represents 95% confidence intervals. 
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Paternal effects 
 
There was no significant difference among the four types of males or effect of paternal 
age in whether or not males sired any offspring with either female (generalised linear 
model with binomial distribution: effect of paternal type: !2(3) = 0.730P = 0.866, paternal 
age: !2(1) = 0.004, P = 0.953, interaction: !2(3) = 1.708, P = 0.635). 
 
As with mothers, older fathers sired offspring that were smaller at birth, although 
this effect was marginally non-significant (P = 0.054; Table 2). It was, however, almost 
identical in magnitude to the effect of maternal age (maternal age -0.179 ± 0.064 SE; 
paternal age -0.179 ± 0.093 SE). There was no evidence for an effect of father’s age on 
offspring size or age at maturation (both P > 0.275; Table 2). The effect of a father’s age 
since maturity on relative gonopodium length depended on his diet (i.e. interaction 
between age and diet; P = 0.003; Table 2). Older fathers reared on the low diet sired sons 
with a significantly shorter gonopodium than younger males (P = 0.029 values for fathers 
reared on the low diet when the main effect of age is that for fathers reared on the low 
diet), whereas on the control diet this pattern was opposite and older fathers sired sons 
with a significantly longer gonopodium than younger males (P = 0.039; Table 2; Fig. 4).  
 
Paternal diet had no effect on offspring size at birth or maturity (both P > 0.241). 
However, fathers reared on the low diet sired offspring that took longer to mature (P = 
0.017; Table 2).  
 
A father’s inbreeding status had no effect on offspring size at birth, or their size or 
age at maturity (all P > 0.322). Inbred fathers sired sons with a relatively shorter 
gonopodium (P = 0.012; Table 2), but if values more than 2 SD from the mean are 
excluded (9 of 181 males), the effect is not significant (GLMM: !2(1) = 2.717; P = 0.099; 
n = 172). 
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Table 2. Paternal effects on offspring performance: results from Experiment 2. Results from final mixed models with parameter estimates 
and chi-squared (!2) tests for effects of sex of the offspring, father’s age since maturity, diet, and inbreeding status; non-significant 
interactions were dropped from final models. P-values in bold are statistically significant. All analyses were done on standardized response 
variables. Sample sizes are shown for each response variable. For two-level factors, the parameter shown is the effect of the variable level 
shown relative to the other. 
 
Response variable Predictor  Estimate SE !2 P 
Size at birth  Intercept 0.290 0.170 2.904 0.088 
(N offspring = 344) Sex (male) -0.138 0.082 2.878 0.090 
(N Fathers = 83) Father's age since maturity -0.179 0.093 3.704 0.054 
 Father's diet (low) -0.083 0.184 0.205 0.651 
 Father's inbreeding status (inbred) -0.072 0.156 0.215 0.643 
Random effects: Mother’s ID variance 0.383    
 Father’s ID variance 0.000    
 Block variance 0.115    
 Residual variance 0.664    
Size at maturity  Intercept -0.429 0.130 10.906 0.001 
(N offspring = 343) Sex (male) -0.048 0.087 0.309 0.578 
(N Fathers = 84) Father's age since maturity -0.033 0.071 0.217 0.642 
 Father's diet (low) 0.166 0.141 1.374 0.241 
 Father's inbreeding status (inbred) -0.011 0.118 0.009 0.925 
Random effects: Mother’s ID variance 0.108    
 Father’s ID variance 0.017    
 Block variance 0.041    
 Residual variance 0.741    
Age at maturity  Intercept -0.349 0.148 5.542 0.019 
(N offspring = 346) Sex (male) 0.145 0.092 2.469 0.116 
(N Fathers = 84) Father's age since maturity -0.080 0.074 1.193 0.275 
!!!!
! 117 
 Father's diet (low) 0.352 0.148 5.674 0.017 
 Father's inbreeding status (inbred) 0.119 0.120 0.980 0.322 
Random effects: Mother’s ID variance 0.054    
 Father’s ID variance 0.024    
 Block variance 0.143    
 Residual variance 0.800    
Relative gonopodium size Intercept 0.071 0.174 0.168 0.682 
(N offspring = 181) Father's age since maturity 0.344 0.167 4.270 0.039 
(N Fathers = 69) Father's diet (low) 0.014 0.195 0.005 0.942 
 Father's inbreeding status (inbred) -0.424 0.169 6.318 0.012 
 Father's diet × Father's age since maturity -0.627 0.213 8.654 0.003 
Random effects: Mother’s ID variance 0.169    
 Father’s ID variance 0.000    
 Block variance 0.000    
 Residual variance 0.885    
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Figure 4. Offspring relative gonopodium size. The effect of paternal age and diet on 
their offsprings’ relative gonopodium size. Each data point represents the mean for each 
family (fathers: N = 69) with SE. Black symbols and lines represent sons from fathers on 
the control diet, grey symbols and lines represent sons from fathers on the low food diet. 
Lines are based on model predictions. Grey shading represents 95% confidence intervals. 
 
Discussion 
 
 
In this study we explored the action of three factors that generate parental effects in 
Gambusia holbrooki. A mother’s age, a father’s early diet, and his inbreeding status affected 
offspring traits such as size at birth, size and age at maturity, and sons’ genital length. 
Parental diet and inbreeding status were both experimentally manipulated so we can 
assign a direct causal role to each factor. However, the way in which these parental effects 
occurred was complex. First, the factors, or combinations of factors, causing parental 
effects differed between mothers and fathers. Second, some parental effects differed for 
daughters and sons. Third, different factors, or combinations thereof affected how 
parental effects manifested for each offspring trait we examined.  
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Comparing maternal and paternal effects: the case of age 
 
Older mothers and older fathers both had offspring that were smaller at birth. Although 
the paternal effect was marginally non-significant (P = 0.054), the estimates for the effect 
of parental age were remarkably similar to the maternal estimates (see Tables 1 and 2), 
suggesting that the difference in significance was due to a smaller sample size of fathers. 
Reports of negative effects of parental age on offspring phenotype are common (e.g. 
maternal age effects: Hercus and Hoffmann 2000; Benton et al. 2008; paternal age effects: 
Ducatez et al. 2012; Nystrand and Dowling 2014). Our results are surprising, however, 
because maternal effects are expected to be stronger than paternal effects when there is 
no male parental care (Curley et al. 2011; Crean et al. 2013). This is because mothers 
have greater contact with developing offspring (e.g. gestation) and only eggs contribute 
substantial material resources to zygotes. Although there is no evidence in G. holbrooki that 
mothers transfer nutrients to offspring after egg fertilization (Pollux et al. 2014), older 
mothers might provide fewer resources to eggs, thereby affecting offspring birth size. But 
what about males? Previous studies on poecilids, including mosquitofish, show that sperm 
quality declines both with paternal age (Vega-Trejo et al. 2016b) and with sperm age (i.e. 
sperm storage; Gasparini et al. 2010). It is unknown whether this decline is due to changes 
in ejaculate composition or in the sperm themselves (e.g. epigenetic factors such as DNA 
methylation), but our results suggest that these changes might be as influential in 
determining offspring size at birth as those arising from maternal effects (see also Preston 
et al. 2015). A direct comparison between maternal and paternal effects has to be made 
with caution given the slightly different structure of the random effects in our models, 
potential differences in the rearing conditions of the stock fish who were parents in each 
of our experiments, and differences in how offspring were “created” (i.e. ‘natural’ matings 
for maternal effects, and artificial inseminations for paternal effects). Nevertheless, our 
study adds to recent evidence that paternal effects might be as important as maternal 
effects in some species (Curley et al. 2011; Crean and Bonduriansky 2014).  
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Parental effects: sons versus daughters 
 
The effects of maternal age on offspring size and age at maturity were sex-specific. Older 
mothers had smaller daughters that matured more quickly, but there was no such effect 
for sons. In mosquitofish, Kruuk et al. (2015) found considerable variation among mothers 
in maternal effects on the size and time to maturity of both sons and daughters. 
Intriguingly, however, in that study there was no correlation between the effect a mother 
had on her sons versus her daughters (e.g. mothers that produced larger daughters did 
not produce larger sons). Sex-specific maternal effects have also been reported in other 
species. For example, in seed beetles there were maternal effects on the lifespan of sons, 
but not of daughters (Fox et al. 2004). Additionally, in red deer there were maternal effects 
for longevity and breeding success for daughters but not for sons, although these effects 
might have been driven by shared environmental effects rather than maternal investment 
(Kruuk et al. 2000). Optimal development differs for males and females due to divergent 
selection (Uller 2008). Similarly, in the context of sexual conflict, traits that are 
advantageous in one sex can be detrimental to the other (Kokko and Jennions 2014). 
Thus, differential investment of parental effects can generate sex-specific effects in their 
offspring.  
 
Parental effects as offspring age 
 
Although mothers and fathers had similar effects on offspring size at birth, as offspring 
grew these effects diverged for sons and daughters. In general, the importance of parental 
effects appears to decline in older offspring (Lindholm et al. 2006; Wilson and Reale 
2006). This may be because resources available later in life mask putative parental effects, 
such as food availability (Monaghan 2008; Auer 2010), or because compensatory growth 
eliminates initial differences in body size (Metcalfe and Monaghan 2001; Hector and 
Nakagawa 2012). It is also possible that parental effects actually are stronger earlier when, 
for instance, maternal investment in egg content still affects offspring (Bernardo 1996). 
However, we found that, in addition to parental effects being less prevalent in older 
offspring (Tables 1,2), they tended to become more complex. For example, the negative 
effect of maternal age on offspring body size and time to maturation only persisted for 
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daughters, and for fathers, the effect of paternal age on relative gonopodium length was 
moderated by the father’s rearing diet. Although the mechanisms for maternal effects 
being stronger than paternal effects as offspring age are unknown, it is likely that maternal 
effects were evident in their offspring later in life because females can adjust their 
investment to individual offspring when mating to males (Harris and Uller 2009), but that 
paternal effects arise through direct effects of males themselves. Our results highlight the 
wider need to account for transgenerational effects when measuring fitness traits (see also 
Bouwhuis et al. 2015) and how multiple factors can interact in generating parental effects.  
 
Parental effects and inbreeding 
 
The negative effects of inbreeding on individuals’ performance are well established 
(review: Hedrick and Kalinowski 2000; Keller and Waller 2002), so it is tempting to 
assume that parental inbreeding must have consequences for estimating the total effect of 
inbreeding of an individual (Huisman et al. 2016). In an earlier experiment we found that 
inbreeding significantly lowered male reproductive success in G. holbrooki (Vega-Trejo et 
al. 2017) suggesting that it lowers fitness. Even so, there was no detectable inbreeding 
depression for a range of measured life history (Vega-Trejo et al. 2015; Vega-Trejo et al. 
2016a) and reproductive (sperm number, sperm velocity, and gonopodium length; Marsh 
et al. 2017; Vega-Trejo et al. 2016b) traits in this system. Similarly, there was almost no 
effect of parental inbreeding status on offspring in the current study. The only exception 
was that inbred fathers sired sons with a relatively shorter gonopodium, even though they 
themselves did not have a shorter than average gonopodium (Vega-Trejo et al. 2017). 
This parental effect could potentially lower sons’ fitness as gonopodium length predicts 
reproductive success in G. holbrooki (Head et al. 2017; Vega-Trejo et al. 2017; but see 
Booksmythe et al. 2016—who showed no fitness cost associated with gonopodium length). 
In other species of Poeciliids, a shorter gonopodia might be related with male display, or 
depend on female choice under different predation environments (Bisazza and Pilastro 
1997; Langerhans 2011). However, we treat our observed association with sons’ 
gonopodium length with caution given its weak statistical support, and its dependence on 
nine individuals. It is also worth noting that, to date, most studies showing that parental 
inbreeding affect offspring phenotypes have all been on species with parental care (e.g. 
Mattey et al. 2013; Bérénos et al. 2016; Huisman et al. 2016; Pilakouta and Smiseth 2016). 
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However, some studies have shown parental inbreeding in insects such as Drosophila (see 
Tan et al. 2013; Colines et al. 2015; Nguyen and Moehring 2017).  
 
Conclusion  
 
 
Parental effects can contribute to the proportion of variance of an individual. Although 
quantitative genetic studies often consider the proportion of variance due to maternal 
effects (Falconer and Mackay 1996; Kruuk and Hadfield 2007), both maternal and 
paternal nongenetic effects can contribute to the characteristics of offspring (Mousseau 
and Fox 1998; Santure and Spencer 2006). Even so, the underlying causes of variation in 
parental effects typically remain unknown (Crean and Bonduriansky 2014; van den 
Heuvel et al. 2016). Here we took an experimental approach to test the extent to which 
parental inbreeding and diet and variation in parental age alter parental effects. The 
observed parental effects in G. holbrooki depended on both parental and offspring sex, and 
on interactions between them, age, diet, and inbreeding status. Separating the influence 
of these factors was facilitated by our simple experimental set up (a two-by-two factorial 
design) that removed confounding correlations with unmeasured variables. Our study 
adds evidence for a multifaceted role of parental effects in species lacking parental care 
and the complexity of factors influencing phenotypic variation. Equally, it raises questions 
about the proximate mechanisms that generated the observed patterns.  
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What happens to offspring when parents are inbred, 
old or have had a poor start in life? 
 
Supplementary material 
!
Analyses using parental chronological age 
 
In mosquitofish, there is considerable variation in how long it takes individuals to 
mature. In this data set, the correlation between age since maturity and chronological 
age was r = 0.365 and r = 0.153 for mothers and fathers, respectively. Because age since 
maturity and chronological age might influence offspring traits differently (Ligout et al. 
2012; Reis et al. 2015), in addition to analysing our data using parental age since 
maturity, we also analysed it using parental chronological age (for mothers this was the 
number of days from when a female was born to when she herself gave birth, for fathers 
this was the number of days from when a male was born to when he was used to 
artificially inseminate females; see Table S1). The analysis was identical to that 
described in the main text except that chronological age was substituted for age since 
maturity.  
 
Results for chronological age – Maternal effects  
 
Using chronological age instead of age since maturity in our models gave very similar 
results, with one exception. In contrast to our results for maternal age since maturity, 
there was no interaction between maternal chronological age and offspring sex for size 
or age at maturity (Table S3).  
 
Results for chronological age – Paternal effects 
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There were several differences in our results when analysing our data using father’s 
chronological, rather than age since maturity. First, paternal age does not seem to 
influence offspring size at birth (P = 0.185; Table S4). Furthermore, the diet by paternal 
age interactions for offspring gonopodium length was no longer evident (Table S4). 
Chronological age, however, shows a significant interaction between paternal age and 
diet for offspring size at maturity. Lastly, there was no longer an effect of father’s 
inbreeding status on their sons’ relative gonopodium length. 
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Table S1. Means ± SD (N of offspring/N of parents) from raw data separated by parent’s diet treatment for age since maturity and 
chronological age (both in days). Data shows F2 parental traits. 
 
  Maternal effects experiment  
Paternal effects experiment 
 
  Mother’s age since maturity 
Mother’s chronological 
age 
Father’s age since 
maturity 
Father’s chronological 
age 
Outbred control 
diet 241.25 ± 33.52 (231/54) 312.95 ± 23.97 (231/54) 134.96 ± 32.08 (71/18) 208.16 ± 5.13 (71/18) 
Inbred control diet 243.46 ± 34.52 (210/54) 319.37 ± 30.03 (210/54) 144.72 ± 17.46 (123/21) 207.12 ± 3.83 (123/21) 
Outbred low diet 223.07 ± 37.09 (256/66) 317.42 ± 24.68 (256/66) 112.56 ± 34.67 (89/26) 203.34 ± 5.62 (89/26) 
Inbred low diet 211.56 ± 43.33 (239/58) 315.04 ± 22.92 (239/58) 101.14 ± 24.60 (95/25) 202.54 ± 6.56 (95/25)  
!
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Table S2. Means ± SE (N of offspring/N of parents) from raw data separated by offspring sex, parent’s inbreeding status, and parent’s diet 
for a) maternal effects experiment and b) paternal effects experiment. Data shows F3 offspring traits. 
 
a) Maternal effects 
experiment Offspring sex Mother's diet Mother's inbreeding status 
Offspring trait Males Females Control diet Low diet Outbred Inbred 
Length at birth (mm) 
7.63 ± 0.02 
(422/187) 
7.59 ± 0.02 
(454/188) 
7.61 ± 0.02 
(405/108) 
7.62 ± 0.02 
(463/124) 
7.63 ± 0.02 
(492/120) 
7.59 ± 0.02 
(453/112)  
Length at maturity (mm) 
22.25 ± 0.10 
(422/187) 
24.95 ± 0.13 
(454/188) 
23.75 ± 0.14 
(405/105) 
23.57 ± 0.12 
(471/123) 
23.79 ± 0.12 
(457/117) 
23.50 ± 0.14 
(419/111) 
Age at maturity (days) 
64.23 ± 1.32 
(421/187) 
100.16 ± 1.71 
(445/188) 
84.35 ± 1.93 
(402/105) 
81.26 ± 1.61 
(464/123) 
84.13 ± 1.69 
(450/117) 
81.13 ± 1.85 
(416/111) 
Relative gonopodium size 
(size residuals)  
0.00 ± 0.01 
(422/187)  
-0.007 ± 0.02 
(196/85) 
0.006 ± 0.02 
(226/102) 
0.008 ± 0.2 
(208/98) 
-0.008 ± 0.02 
(214/89) 
a) Paternal effects 
experiment Offspring sex Mother's diet Mother's inbreeding status 
Offspring trait Males Females Control diet Low diet Outbred Inbred 
Length at birth (mm) 
7.55 ± 0.03 
(183/68) 
7.64 ± 0.03 
(161/67)  
7.57 ± 0.03 
(193/39) 
7.58 ± 0.03 
(183/50)  
7.60 ± 0.03 
(160/44) 
7.55 ± 0.03 
(216/45) 
Length at maturity (mm) 
22.11 ± 0.15 
(181/69) 
22.15 ± 0.17 
(162/67) 
21.96 ± 0.15 
(180/38) 
22.31 ± 0.18 
(163/46) 
22.22 ± 0.16 
(144/40) 
22.60 ± 0.16 
(199/44) 
Age at maturity (days) 
80.82 ± 2.56 
(184/69) 
75.14 ± 2.33 
(162/67) 
74.02 ± 2.22 
(181/38) 
82.70 ± 2.71 
(165/46) 
77.38 ± 2.53 
(144/40) 
78.72 ± 2.40 
(202/44) 
Relative gonopodium size 
(size residuals)  
0.00 ± 0.02 
(180/69)   
-0.009 ± 0.03 
(91/29) 
0.009 ± 0.04 
(89/40) 
0.07 ± 0.04 
(78/35) 
-0.06 ± 0.03 
(102/34) 
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Table S3. Maternal effects on offspring performance in models using chronological rather than age since maturity (c.f. Table 1). Results 
from final mixed models with parameter estimates and chi square (!2) tests for effects of sex of the offspring, chronological age (age from 
birth to when the female gave birth), father’s diet and inbreeding; non-significant interactions were dropped from final models. P-values in 
bold are statistically significant. All analyses were done on standardized response variables. P-values in bold indicate significant values. All 
analyses were done on standardized variables. Sample sizes are shown for each response variable for offspring and for mothers. For two-
level factors, the parameter shown is the effect of the variable level shown relative to the other. 
 
Response variable Predictor  Estimate SE X2 P 
Size at birth  Intercept 0.031 0.134 0.054 0.816 
(N offspring = 868) Sex (male) 0.058 0.054 1.158 0.282 
(N Mothers = 226) Mother's chronological age -0.215 0.058 13.888 <0.001 
 Mother's diet (low) 0.304 0.168 3.296 0.069 
 Mother's inbreeding status (inbred) 0.185 0.176 1.100 0.294 
 Mother's diet (low) × Mother's inbreeding status (inbred) -0.476 0.241 3.922 0.048 
Random effects: Mother’s ID variance 0.589    
 Block variance 0.044    
 Residual variance 0.714    
Size at maturity  Intercept 0.696 0.085 67.476 <0.001 
(N offspring = 868) Sex (male) -0.931 0.056 280.099 <0.001 
(N Mothers = 226) Mother's chronological age -0.014 0.040 0.126 0.723 
 Mother's diet (low) -0.046 0.081 0.328 0.567 
 Mother's inbreeding status (inbred) -0.052 0.082 0.401 0.527 
Random effects: Mother’s ID variance 0.157    
 Block variance 0.037    
 Residual variance 0.771    
Age at maturity  Intercept 0.592 0.083 50.663 <0.001 
!!!!
! 136 
(N offspring = 858) Sex (male) -0.980 0.057 298.202 <0.001 
(N Mothers = 226) Mother's chronological age -0.014 0.040 0.129 0.720 
 Mother's diet (low) -0.111 0.081 1.889 0.169 
 Mother's inbreeding status (inbred) -0.011 0.082 0.017 0.897 
Random effects: Mother’s ID variance 0.153    
 Block variance 0.029    
 Residual variance 0.784    
Relative gonopodium size Intercept 0.015 0.095 0.026 0.873 
(N offspring = 418) Mother's chronological age -0.029 0.052 0.309 0.578 
(N Mothers = 185) Mother's diet (low) 0.047 0.104 0.208 0.648 
 Mother's inbreeding status (inbred) -0.066 0.106 0.386 0.534 
 Mother’s ID variance 0.047    
 Block variance 0.018    
 Residual variance 0.973    
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Table S4. Paternal effects on offspring performance in models using chronological rather than age since maturity (c.f. Table 2). Results 
from final mixed models with parameter estimates and chi square (!2) tests for effects of sex of the offspring, father’s chronological age (age 
from birth to when the female gave birth, diet, and inbreeding status; non-significant interactions were dropped from final models. P-values 
in bold indicate significant values. All analyses were done on standardized response variables. P-values in bold indicate significant values. 
All analyses were done on standardized variables. Sample sizes are shown for each response variable. For two-level factors, the parameter 
shown is the effect of the variable level shown relative to the other. 
 
Response variable Predictor  Estimate SE X2 P 
Size at birth  Intercept 0.137 0.169 0.650 0.420 
(N offspring = 344) Sex (male) -0.154 0.081 3.563 0.059 
(N Fathers = 83) Father's chronological age 0.118 0.089 1.754 0.185 
 Father's diet (low) 0.163 0.166 0.955 0.328 
 Father's inbreeding status (inbred) -0.012 0.159 0.006 0.939 
 Mother’s ID variance 0.402    
 Father’s ID variance 0.000    
 Block variance 0.100    
 Residual variance 0.665    
Size at maturity  Intercept -0.324 0.132 6.055 0.014 
(N offspring = 343) Sex (male) -0.067 0.086 0.609 0.435 
(N Fathers = 84) Father's chronological age -0.213 0.100 4.560 0.033 
 Father's diet (low) 0.143 0.122 1.362 0.243 
 Father's inbreeding status (inbred) -0.033 0.114 0.083 0.773 
 Father's diet × Father's chronological age 0.359 0.128 7.917 0.005 
 Mother’s ID variance 0.102    
 Father’s ID variance 0.000    
 Block variance 0.040    
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 Residual variance 0.742    
Age at maturity  Intercept -0.381 0.150 6.441 0.011 
(N offspring = 346) Sex (male) 0.134 0.092 2.126 0.145 
(N Fathers = 84) Father's chronological age -0.015 0.072 0.045 0.832 
 Father's diet (low) 0.437 0.130 11.254 0.001 
 Father's inbreeding status (inbred) 0.127 0.122 1.076 0.300 
 Mother’s ID variance 0.052    
 Father’s ID variance 0.028    
 Block variance 0.152    
 Residual variance 0.800    
Relative gonopodium size Intercept 0.246 0.163 2.281 0.131 
(N offspring = 181) Father's chronological age -0.132 0.094 1.974 0.160 
(N Fathers = 69) Father's diet (low) -0.115 0.177 0.422 0.516 
 Father's inbreeding status (inbred) -0.326 0.169 3.723 0.054 
 Mother’s ID variance 0.183    
 Father’s ID variance 0.000    
 Block variance 0.000    
 Residual variance 0.896    
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Maternal-by-environment but not genotype-by-
environment interactions in a fish without parental 
care 
 
Supplementary Information 
 
 
Sperm measurements 
 
 
To strip ejaculates, males were anaesthetized in ice-cold water. Each male was then 
placed on a glass slide (coated with 1% polyvinyl alcohol solution (PVA) to prevent 
sperm bundles sticking to the slide) under a dissecting microscope. His gonopodium was 
swung forward and we applied gentle pressure to the abdomen to eject all the available 
sperm. We transferred the ejaculate to an Eppendorf tube with 100 - 900 μL of extender 
medium (207 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 0.49 mM MgCl2, 0.41 mM 
MgSO4, 10 mM Tris, pH 7.5). The amount of medium varied depending on the 
amount of ejaculate stripped to obtain accurate sperm counts. After the procedure each 
male was returned to his individual tank. Sperm collection was done blind to the 
treatment and family identity.  
 
To estimate sperm number, we vortexed the sperm solution for one minute and 
then mixed it repeatedly with a pipette (20-30 times) to break up sperm bundles and 
distribute the sperm evenly throughout the sample. We placed 3 μl of solution on a 20 
micron capillary slide (Leja) and counted the sperm using a CEROS Sperm Tracker 
(Hamilton Thorne Research, Beverly, MA, USA) under 100× magnification. We 
counted five subsamples per sample from each male. See Vega-Trejo et al, 2016 for 
further details.  
 
To estimate sperm velocity we analysed three samples per male. For each sample, 
we collected 3 μL of the diluted sperm following the same procedure used for sperm 
number. We collected the sperm velocity sample two days after we collected the number 
sample. We placed the 3 μL of diluted sperm in the centre of a cell of a 12-cell multitest 
slide (MP Biomedicals, Aurora, OH, USA) previously coated with 1% PVA. The 
sample was then activated with a 3 μL solution of 150 mM KCl and 2 mg ml-1 bovine 
serum albumin (Billard and Cosson 1992) and covered with a cover slip. We analysed 
sperm velocity within 30 seconds of activation for three subsamples to increase the 
number of velocity measures. We used an average of 109.3 ± 69.3 SD sperm tracks per 
ejaculate (minimum 10 sperm tracks / male). We recorded two standard measures of 
sperm velocity: (1) average path velocity (VAP): the average velocity over a smoothed 
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cell path and (2) curvilinear velocity (VCL): the actual velocity along the trajectory using 
a CEROS Sperm Tracker. Due to the near perfect correlation between VAP and VCL 
(r=0.961, P<0.001), we only use VAP in our analyses. See Vega-Trejo et al, 2016- for 
further details.  
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Table S1. Comparison of models fitting additive genetic effects variance, maternal effects variance, and their interaction with food treatment. For each 
model, the log likelihood (log (L)) is presented. The difference in AIC value with the model with the lowest AIC value is presented (Δ AIC). Weight = 
Akaike model weight, relative to all 9 models for each trait (see Methods for definition). VA = additive genetic variance, VM = maternal effects variance, 
VB = block variance, VR = residual variance. Models are shown in descending order with respect to Δ AIC. Models in bold represent the models ranked 
within two AIC units of the top model.  
 
Model log (L) AIC Δ AIC Weight VA ± SE VM ± SE VA × Food ± SE VM × Food ± SE VB ± SE VR ± SE 
Female size at maturity                     
VA+VM -417.145 842.291 0 0.456 0.310 ± 0.124 0.255 ± 0.060   0.056 ± 0.041 0.382 ± 0.066 
VA+VM+VM×Food -416.872 843.745 1.454 0.221 0.321 ± 0.124 0.210 ± 0.078  0.045 ± 0.060 0.056 ± 0.042 0.368 ± 0.067 
VA+VM+VA×Food 
-417.145 844.291 2 0.168 0.310 ± 0.124 0.255 ± 0.060 
3.862×10-8 ± 
6.666×10-9  0.056 ± 0.041 0.382 ± 0.066 
VA+VM+VA×Food+VM×Fo
od -416.872 845.745 3.454 0.081 0.321 ± 0.124 0.210 ± 0.078 
5.891×10-7 ± 
1.074×10-7 0.045 ± 0.060 0.056 ± 0.042 0.368 ± 0.067 
VM 
-420.308 846.617 4.326 0.052  0.389 ± 0.048   0.088 ± 0.037 0.529 ± 0.031 
VM+VM×Food 
-420.210 848.420 6.129 0.021  0.364 ± 0.068  0.027 ± 0.058 0.088 ± 0.037 0.524 ± 0.032 
VA 
-428.329 862.658 20.367 1.725×10-5 0.760 ± 0.105    0.059 ± 0.049 0.239 ± 0.064 
VA+VA×Food 
-428.329 864.658 22.367 6.345×10-6 0.760 ± 0.105  
4.650×10-5± 
1.248×10-8  0.059 ± 0.049 0.239 ± 0.064 
Null -489.612 983.223 140.932 1.138×10-31     0.090 ± 0.033 0.895 ± 0.040 
Model averaged estimates (across all models)   
0.290 ± 0.138 0.243 ± 0.075 
5.430×10-8 ± 
8.791×10-8 0.014 ± 0.031 0.056 ± 0.042 0.377 ± 0.073 
Male size at maturity          
      
VM+VM×Food 
-466.625 941.249 0 0.574  
3.813×10-8 ± 
2.257×10-9  0.311 ± 0.043 0.019 ± 0.015 0.603 ± 0.036 
VA+VM+VM×Food 
-466.239 942.478 1.229 0.310 0.060 ± 0.074 
4.989×10-7 ± 
3.839×10-8  0.284 ± 0.051 0.010 ± 0.018 0.574 ± 0.050 
VA+VM+VA×Food+VM×Fo
od -466.239 944.478 3.229 0.114 0.060 ± 0.074 
2.674×10-7 ± 
2.339×10-8 
4.068×10-7 ± 
3.559×10-8 0.284 ± 0.051 0.010 ± 0.018 0.574 ± 0.050 
VA+VM+VA×Food 
-471.717 953.434 12.185 0.001 
5.542×10-8 ± 
5.675×10-9 0.210 ± 0.048 0.172 ± 0.078  0.005 ± 0.016 0.547 ± 0.056 
VM 
-475.727 957.454 16.205 1.738×10-4  0.266 ± 0.042   0.018 ± 0.015 0.658 ± 0.036 
VA+VM 
-475.629 959.257 18.008 7.054×10-5 0.038 ± 0.086 0.249 ± 0.056   0.014 ± 0.019 0.641 ± 0.055 
VA+VA×Food 
-480.662 969.323 28.074 4.599×10-7 0.217 ± 0.112  0.286 ± 0.113  
1.961×107 ± 
2.841×108 0.442 ± 0.063 
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VA 
-486.158 978.316 37.067 5.127×10-9 0.449 ± 0.081    
2.860×107 ± 
3.466×108 0.509 ± 0.062 
Null 
-513.820 1031.641 90.392 1.350×10-20     0.039 ± 0.018 0.910 ± 0.040 
Model averaged estimates (across all models) 
  
0.026 ± 0.050 
3.188×10-4 ± 
6.618×10-4 
2.238×10-4 ± 
4.691×10-4 0.299 ± 0.049 0.015 ± 0.017 0.590 ± 0.044 
Female age at maturity                     
VA+VM+VM×Food -401.233 812.467 0 0.595 0.255 ± 0.112 0.162 ± 0.071  0.137 ± 0.063 0.044 ± 0.037 0.368 ± 0.062 
VA+VM+VA×Food+VM×Fo
od -401.233 814.467 2 0.219 0.255 ± 0.112 0.162 ± 0.071 
3.719×10-8 ± 
6.271×10-9 0.137 ± 0.063 0.044 ± 0.037 0.368 ± 0.062 
VM+VM×Food 
-404.289 816.578 4.111 0.076  0.263 ± 0.065  0.135 ± 0.064 0.088 ± 0.036 0.493 ± 0.031 
VA+VM  
-404.458 816.916 4.449 0.064 0.241 ± 0.110 0.256 ± 0.055   0.045 ± 0.036 0.414 ± 0.061 
VA+VM+VA×Food 
-404.077 818.153 5.686 0.035 0.207 ± 0.116 0.259 ± 0.056 0.054 ± 0.065  0.050 ± 0.038 0.393 ± 0.065 
VM 
-407.291 820.582 8.115 0.010  0.353 ± 0.045   0.086 ± 0.035 0.532 ± 0.031 
VA 
-421.267 848.535 36.068 8.765×10-9 0.659 ± 0.099    0.020 ± 0.036 0.304 ± 0.063 
VA+VA×Food 
-420.778 849.556 37.089 5.260×10-9 0.622 ± 0.108  0.067 ± 0.069  0.022 ± 0.038 0.275 ± 0.067 
Null 
-472.685 949.370 136.903 1.114×10-30     0.085 ± 0.031 0.873 ± 0.039 
Model averaged estimates (across all models)   
0.240 ± 0.119 0.177 ± 0.079 0.003 ± 0.009 0.116 ± 0.074 0.045 ± 0.038 0.373 ± 0.067 
Male age at maturity          
      
VM -436.383 878.765 0 0.4154  0.257 ± 0.257   0.023 ± 0.016 0.618 ± 0.035 
VM+VM×Food -435.892 879.783 1.0181 0.2497  0.215 ± 0.061  0.060 ± 0.061 0.023 ± 0.016 0.602 ± 0.037 
VA+VM 
-436.383 880.765 2 0.1528 
3.800×10-8 ± 
2.151×10-9 0.257 ± 0.041   0.024 ± 0.016 0.618 ± 0.035 
VA+VM+VM×Food 
-435.889 881.778 3.0133 0.0921 0.005 ± 0.076 0.213 ± 0.070  0.060 ± 0.062 0.022 ± 0.019 0.599 ± 0.052 
VA+VM+VA×Food 
-436.383 882.765 4 0.0562 
6.037×10-8 ± 
3.417×10-9 0.257 ± 0.041 
2.310×10-7 ± 
1.308×10-8  0.024 ± 0.016 0.618 ± 0.035 
VA+VM+VA×Food+VM×Fo
od -435.889 883.778 5.0133 0.0339 0.005 ± 0.076 0.213 ± 0.070 
6.064×10-8 ± 
5.275×10-9 0.060 ± 0.062 0.022 ± 0.019 0.599 ± 0.052 
VA 
-452.310 910.619 31.8541 5.028×10-8 0.346 ± 0.346    0.003 ± 0.003 0.549 ± 0.062 
VA+VA×Food 
-452.310 912.619 33.8541 1.850×10-8 0.346 ± 0.079  
1.819×10-7 ± 
2.049×10-8  0.003 ± 0.021 0.549 ± 0.062 
Null 
-469.740 943.480 64.7148 3.680×10-15     0.036 ± 0.036 0.856 ± 0.038 
Model averaged estimates (across all models) 
  
4.620×10-4 ± 0.010 0.234 ± 0.142 
1.299×10-8 ± 
2.572×10-8 0.020 ± 0.040 0.023 ± 0.016 0.591 ± 0.044 
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Relative gonopodium size                    
VM 
-501.979 
1009.95
8 0 0.378  0.102 ± 0.035   0.012 ± 0.011 0.839 ± 0.045 
VA+VM+VA×Food 
-500.879 
1011.75
7 1.799 0.154 0.019 ± 0.062 0.082 ± 0.042 0.083 ± 0.071  
7.749×10-8 ± 
5.965×10-9 0.766 ± 0.059 
VA+VM 
-501.888 
1011.77
6 1.818 0.152 0.037 ± 0.079 0.089 ± 0.045   0.005 ± 0.017 0.820 ± 0.060 
VM+VM×Food 
-501.931 
1011.86
1 1.903 0.146  0.094 ± 0.050  0.017 ± 0.059 0.012 ± 0.011 0.831 ± 0.050 
VA+VM+VM×Food 
-501.840 1013.680 3.722 0.059 0.037 ± 0.080 0.081 ± 0.058  0.017 ± 0.058 0.005 ± 0.017 0.812 ± 0.064 
VA+VM+VA×Food+VM×Fo
od -500.879 1013.757 3.799 0.057 0.019 ± 0.062 0.082 ± 0.042 0.083 ± 0.071 
4.572×10-7 ± 
3.519×10-8 
7.749×10-8 ± 
5.965×10-9 0.766 ± 0.059 
VA+VAxFood 
-503.490 1014.980 5.022 0.031 0.079 ± 0.063  0.096 ± 0.073  
7.819×10-8 ± 
6.435×10-9 0.773 ± 0.064 
VA 
-504.787 1015.574 5.616 0.023 0.120 ± 0.048    
8.377×10-8 ± 
5.661×10-9 0.828 ± 0.056 
Null 
-508.285 1020.570 10.612 0.002     0.017 ± 0.011 0.937 ± 0.041 
Model averaged estimates (across all models)   
0.013 ± 0.043 0.083 ± 0.046 0.013 ± 0.034 0.003 ± 0.015 0.007 ± 0.012 0.750 ± 0.088 
Male sperm number         
      
VM -215.358 436.716 0 0.323  0.073 ± 0.051   0.085 ± 0.042 0.824 ± 0.068 
Null 
-216.726 437.452 0.736 0.224     0.099 ± 0.042 0.885 ± 0.062 
VA+VM 
-215.358 438.716 2 0.119 
8.342×10-7 ± 
6.879×10-8 0.073 ± 0.051   0.085 ± 0.042 0.824 ± 0.068 
VM+VM×Food 
-215.358 438.716 2 0.119  0.073 ± 0.051  
3.669×10-7 ± 
3.026×10-9 0.085 ± 0.042 0.824 ± 0.068 
VA 
-216.726 439.452 2.736 0.082 
7.762×10-8 ± 
5.416×10-9    0.099 ± 0.042 0.885 ± 0.062 
VA+VM+VA×Food 
-215.358 440.716 4 0.044 
8.342×10-7 ± 
6.879×10-8 0.073 ± 0.051 
8.342×10-7 ± 
6.879×10-9  0.085 ± 0.042 0.824 ± 0.068 
VA+VM+VM×Food 
-215.358 440.716 4 0.044 
8.342×10-7 ± 
6.879×10-8 0.073 ± 0.051  
8.324×10-7 ± 
6.879×10-9 0.085 ± 0.042 0.824 ± 0.068 
VA+VAxFood 
-216.726 441.452 4.736 0.030 
2.800×10-7 ± 
1.954×10-8  
8.959×10-7 ± 
6.250×10-9  0.099 ± 0.042 0.885 ± 0.062 
VA+VM+VA×Food+VM×Fo
od -215.358 442.716 6 0.016 
8.432×10-7 ± 
6.879×10-8 0.073 ± 0.051 
8.342×10-7 ± 
6.879×10-9 
1.138×10-7 ± 
9.383×10-9 0.085 ± 0.042 0.824 ± 0.068 
Model averaged estimates (across all models) 
  
1.247×10-7 ± 
2.514×10-7 0.042 ± 0.054 
4.051×10-9 ± 
1.104×10-8 
4.542×10-8 ± 
7.846×10-8 0.082 ± 0.044 0.774 ± 0.099 
Male sperm velocity         
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VA 
-179.474 364.947 0 0.127 0.190 ± 0.085    
7.034×10-8 ± 
9.136×10-9 0.695 ± 0.090 
VA+VM 
-179.458 366.915 1.968 0.115 0.175 ± 0.112 0.014 ± 0.075   
7.057×10-8 ± 
9.077×10-9 0.697 ± 0.090 
VA+VAxFood 
-179.474 366.947 2 0.114 0.190 ± 0.085  
1.572×10-7 ± 
2.042×10-8  
7.034×10-8 ± 
9.136×10-9 0.695 ± 0.090 
VM 
-180.494 366.988 2.041 0.114  0.095 ± 0.062   0.025 ± 0.029 0.785 ± 0.072 
Null 
-181.831 367.663 2.716 0.110     0.043 ± 0.029 0.862 ± 0.064 
VA+VM+VM×Food 
-178.981 367.963 3.015 0.109 0.157 ± 0.089 
4.982×10-7 ± 
7.401×10-8  0.087 ± 0.086 
6.532×10-8 ± 
9.714×10-9 0.645 ± 0.096 
VM+VM×Food 
-179.994 367.988 3.040 0.109  0.064 ± 0.074  0.096 ± 0.098 0.023 ± 0.029 0.724 ± 0.086 
VA+VM+VA×Food 
-179.458 368.915 3.968 0.104 0.175 ± 0.112 0.014 ± 0.075 
1.857×10-7 ± 
2.839×10-8  
7.057×10-8 ± 
9.077×10-9 0.697 ± 0.090 
VA+VM+VA×Food+VM×Fo
od -178.981 369.963 5.015 0.098 0.157 ± 0.089 
6.532×10-8 ± 
9.714×10-9 
1.033×10-6 ± 
1.536×10-7 0.087 ± 0.086 
6.523×10-8 ± 
9.077×10-9 0.645 ± 0.096 
Model averaged estimates (across all models) 
  
0.100 ± 0.115 0.014 ± 0.046 
1.389×10-7 ± 
1.928×10-7 0.009 ± 0.044 0.008 ± 0.017 0.574 ± 0.172 
!!!!
! 161 
 
 
Figure S1. Parameter estimates ± SE for the effect of food treatment from a model 
with VA+VM+VB+VR (see Methods for details). Values shown for the control treatment 
correspond to the intercept of the model. In all models, we fitted food treatment (control 
vs low food diet), inbreeding (inbred vs outbred), and generation (two levels, F2-F3). For 
sperm number and sperm velocity, generation was not included as a fixed effect because 
we only had data for F2 males, but we included the age of the male at measurement 
(measured in days post maturity). Traits were standardized to unit variance and zero 
centred prior to analysis. Dark symbols represent values for fish in the control food 
treatment and light symbols represent values for fish in the low food treatment. 
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Synthesis and conclusions 
 
 
Given populations are likely to become more fragmented due to human interference, 
understanding how inbreeding depression acts, on which traits, at which stage in life, and how 
inbreeding interacts with the environment to affect fitness is of fundamental practical importance. 
Inbreeding depression is not universally higher in the wild or always greater in more stressed 
populations, and it affects traits differentially, making it hard to generalize. Although it is widely 
asserted that inbreeding depression reduces fitness, this pattern is not universal.  
 
Mating behaviour is influenced by adaptive forces, which include direct benefits, additive 
genetic benefits, and non-additive genetic effects such as genetic compatibility and the avoidance 
of inbreeding depression (Tregenza and Wedell 2000; Kokko et al. 2003; Zajitschek et al. 2006). 
One way to avoid inbreeding is to recognise related individuals and avoid mating with them. 
Additionally, mating decisions can also be influenced by an individual’s mating history and 
experience with previous mates (Jennions and Petrie 1997). Although recognition of familiar 
individuals can minimise the chance of offspring suffering from inbreeding depression (Pusey and 
Wolf 1996), I show that mosquitofish (Gambusia holbrooki) have a preference for novel mates only 
after mating with a previous mate had occurred (Chapter 1). In those scenarios, inbreeding 
avoidance is unlikely to be the key driver of preferences for novel partners. However, any costs 
associated with mating with kin might be outweighed by females biasing paternity through female 
cryptic choice or by males mating multiply.  
 
One of the main costs of mating with relatives is a reduction in the number of offspring. 
However, the evidence for a negative effect of mating with a related male is mixed, with studies 
reporting fewer offspring or eggs (Pitcher et al. 2008; Johnson et al. 2010), but others finding no 
such effect (Simmons et al. 2006; Ala-Honkola et al. 2009). I add evidence from mosquitofish for 
a reduction in the number of offspring when females mate with a full sibling. Some of the potential 
explanations for females having fewer offspring when mating with related males are reduced 
fertilization success (i.e., low sperm survival due to sperm–female tract or egg interactions) and/or 
inbreeding depression lowering embryo survival (Pitcher et al. 2008; Johnson et al. 2010; Chapter 
2).  
 
The presence and magnitude of inbreeding depression may differ depending on which 
life stage and/or which traits are measured (Keller and Waller 2002). Additionally, it may only 
affect traits that affect fitness directly. For instance, I show that in G. holbrooki
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of inbreeding depression may not be apparent in in growth rates, adult size, age at maturity, or 
sperm (Chapter 3, Chapter 4), but might still affect reproductive success (Chapter 5); illustrating 
the potential for hidden long-term costs of inbreeding depression. In general, inbreeding 
depression may only be detectable or magnified under certain conditions, such as when male-
male competition is present. For example, inbreeding depression of male reproductive success is 
magnified in wild house mice under male-male competition (Meagher et al. 2000). Similarly, I 
show that inbred male mosquitofish have a lower reproductive success than outbred males when 
competing freely for females (Chapter 5). 
 
The costs of a stressful environment early in life might only be expressed in the adult 
lifestage (Blount et al. 2003; Reichert et al. 2015). Individuals exposed to limited food availability 
during development can delay maturation to reduce the potential fitness costs of a smaller adult 
body size (Hector and Nakagawa 2012; Chapter 3). In turn, this could negatively influence long-
term fitness benefits (Yearsley et al. 2004; Reichert et al. 2015). For example, female wood ducks 
that delay maturation have lower reproductive success (Oli et al. 2002). Similarly, male 
mosquitofish that delay maturation after being exposed to a low food environment early in life, 
show a reduction in sperm numbers and lower sperm velocity (Chapter 4). These effects show that 
the costs of a poor early environment might not be immediate, supporting the idea that costs can 
be delayed (Mugabo et al. 2010; Perez and Munch 2015), stressing the importance of looking at 
how different factors, such as nutritional constraints early in life and adult age, interact to 
determine adult performance (Chapter 4).  
 
Variation in early nutrition due to differences in levels of parental care can clearly affect 
adult traits. For example, in dung beetles, developing larvae depend on nutrients provided by 
their parents which affects male body and horn size and thereby their mating success (Hunt and 
Simmons 2000). Even when there is no parental care, if parents experience a stressful environment 
this can still affect their offspring. For instance, male G. holbrooki that have been exposed to poor 
nutrition early in life have sons with smaller genitalia (Chapter 6), but this is not true for fathers 
reared on a control early diet. Parental effects can thus shape offspring phenotype in adult traits 
(e.g. Mousseau and Fox 1998; Pick et al. 2016), but their expression can also depend on the 
postnatal environment experienced by the offspring (Uller 2008; Badyaev and Uller 2009). In 
mosquitofish, I found that an interaction between maternal effects variance and the environment 
has the potential to affect traits expressed at maturity (Chapter 7). Although my results provide 
evidence for the role of parental effects in a species without parental care, they undoubtedly raise 
questions about the mechanisms generating these patterns, which are currently unknown and 
should be the focus of future studies.  
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The results of my thesis highlight the need to look at the interplay between the many 
different factors that can affect an individual’s fitness. The complexity of forces shaping the 
evolution of key life-history traits might be influenced by trade-offs between life stages or traits. 
For example, inbreeding depression might not be evident based on the phenotype of individual 
traits, and only become apparent when looking at key fitness components. My thesis also 
highlights that variation in the early nutritional environment has effects on fitness that are 
potentially far reaching and can extend into adulthood.  
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Appendix 1
Why does inbreeding reduce male paternity? Effects 
on sexually selected traits
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Appendix 2
Testing female preferences under more natural 
conditions: a case study on a fiddler crab
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Appendix 3
Male mate choice and insemination success 
under simultaneous versus sequential 
choice conditions
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Appendix 4
Maternal effects on offspring size and number in 
mosquitofish, Gambusia holbrooki
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Appendix 5
Predictors of male insemination success
 in the mosquitofish (Gambusia holbrooki)
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